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Abstract
Patients who cannot move on their own are nowadays in the vast majority being han-
dled manually by the nursery personnel. The aim of this project is to advance on the
creation of a robot to lift and comfortably transport this patients without the need of
human strength, reducing dramatically injuries among the nurses and saving time. To
achieve such an important goal, it must not only be efficient and safe, but also affordable
for most hospitals and nursing homes.
Intensive research on existing and projected devices and robots with similar intentions
has been conducted, patents have as well been investigated. In the same way, it has been
established which features and, which positions should the device reach, which speed range
should it maintain and which kind of testing will it have to overcome according to norms.
As a second part of the project, several movement options have been studied, leading
to a number of device concepts which are further developed in this project. During this
phase, the viability of each concept is discussed using criteria as efficiency, stability, num-
ber of necessary actuators or degrees of freedom.
Later on, after choosing the final concept, the mechanical design phase begins, using
mainly DS Solidworks. This part includes several structural and section calculations and
finite element analysis, performed with Ansys Workbench 14.5 Student version, which
help to sustain the taken decisions or to prove the resistance of some components. The
actuation system and power transmission are also decided in this chapter.
In the end a solid design using new components and existing devices not related to
person lifting in new ways, with a large part of the components already engineered almost
ready to be ordered for a prototype to be build, is obtained.
Keywords: Person-lifter robot, automatized patient transferring, robotic nursing
home aid, robotic hospital aid, concept development, mechanical design, structural calcu-
lations, finite element analysis.
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Kurzfassung
Patienten die sich nicht von selbst bewegen ko¨nnen werden derzeit ha¨ufig manuell be-
wegt. Das Ziel dieses Projekts ist die Weiterentwicklung eines neuartigen Prototyps eines
Personenlifters. Der Roboter muss Patienten sicher heben, transportieren und ohne men-
schliche Kraft in verschiedene Positionen bringen. Dadurch wu¨rden die Verletzungen von
Pflegekra¨ften dramatisch reduziert.
Normen, a¨hnliche Gera¨te, nicht nur bestehende, sondern auch Konzepte, Patente
und ergonomisches Wissen wurde recherchiert um die Kriterien und Eigenschaften des
Prototyps zu ermitteln. Der zweite Teil des Projekts beinhaltet verschiedene Bewe-
gungsstudien, welche zu zahlreichen Konzepten weiterentwickelt wurden. In dieser Phase
wird die Durchfu¨hrbarkeit jedes Konzepts an Kriterien wie Leistungsfa¨higkeit, Stabilita¨t,
Anzahl von Aktuatoren und Freiheitsgraden diskutiert. Nach der Auswahl eines Fi-
nalkonzepts, wurde mit der Konstruktion angefangen meistens DS Solidworks benutzt.
Zu diesem Teil geho¨ren mehrere finite Elemente Analysen und Struktur Berechnungen die
mit Ansys Workbench 14.5 Student Version durchgefu¨hrt wurden. Die Aktuatoren und
Kraftu¨bertragungsmechanismen werden auch in den Kapiteln erwa¨hnt.
Im Ergebnis wird schließlich eine stabile Konstruktion mit neuen Komponenten erre-
icht, aber auch bestehende Gera¨te auf neue Weise genutzt. Die Mehrheit der Komponenten
ko¨nnen direkt fu¨r den Aufbau eines Prototypen bestellt werden.
Schlu¨sselwo¨rter: Robotischer Hebemechanismus, Personenlifter, Assistierter Patien-
tentransfer
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Chapter 1
Introduction
1.1 Introduction and goal settling
Problem
The average age of population overall in Europe is increasing due to a lower fertility
and a longer life expectancy [38]. This situation is even more accentuated in countries like
Germany or Italy, despite migration dynamics see [38] (p13-16). Meanwhile the average
number of overweight people is also growing, in some countries, like Germany in a more
accelerated manner [8]. This will eventually lead to a higher number of heavy patients
in hospitals and nursing homes. This projection implies a higher amount of risky lifting
or transferring operations resulting in a growing number of injuries among the nursery
personnel, since to the date, still most of the transferring operations are done manually,
without any mechanical help. This injuries can become very serious, turning into a career-
ending issue. There are however several ergonomic norms for manual patient lifting [1],
but the statistics talk by themselves: back injuries and other injuries related to patient
lifting are, for instance in the US, the number one threat to nurses [44]. Even when fol-
lowing perfectly the ergonomic recommendations contained in the norm mentioned above,
there is no such thing as a risk free manual patient lifting method. See [43] and [47].
For decades, these patient-transferring originated injuries, have been a serious problem
and given the expected population evolution in western Europe and other world regions,
it can only be expected for this problem to become of more gravity unless measures are
taken against. Specially in nursing homes it is of urgency to find a solution to this problem.
As was already said, it has been a pressing concern for a long time, and many mecha-
nisms have been designed to lift and transport patients. Some of them will be discussed
during this thesis. However, the vast majority of those mechanisms only solve part of
the problem or they require, although much lower, certain amount of force. Only few
exceptions, which will also be analysed, are completely automatized. It is suspected that
even with some of the most common mechanisms, back-injury risks cannot be completely
erased. Others are simply only designed for close range and require complex installations.
Another kind of more evolved robotic person lifter without any other external installa-
tions exists, the concern is then turned towards the cost of this device and the comfort of
patients.
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Starting point
This project is not a new one, it was in fact started several months ago in IPA Fraun-
hofer Gesellschaft under the name of ELEVON, reaching the point of even creating a first
phase prototype. This prototype is merely structural and has considerable flaws, and in-
stead of taking over from that point, it has been decided to start this project from scratch,
to see what conclusions are reached. The existing project will be further discussed during
the state of the art section.
Objective
This thesis is about the investigation, concept development, calculation, mechanical
design and finite element analysis (FEA) of several parts of a robot lifting mechanism
whose main function is to lift and move patients with partially or totally reduced mobility
from beds, wheelchairs... This lifting mechanism has to offer coverage for the problems
unsolved by the existing devices. To build an advanced prototype of such complexity is
too optimistic to be achieved within the time limits of this thesis, therefore the objective
will be to set the bases of this device and reach the point to order the pieces and materials
to build an advanced prototype.
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Research phase
Many different aspects, safety and comfort reasons, legal possibilities and rough loading
estimates are needed in order to define and choose the proper concept for the robot that
wants to solve the problem described at the introduction. Those aspects need to be
researched. Therefore in this chapter it is learned how different human body parameters
are found and characterized, what are the maximum forces or pressures that a patient can
endure before feeling discomfort, what is the state of the art for patient lifting nowadays,
norms, guidelines and best practices for patient lifting and for robotic-human cooperation
and finally patents of similar robots.
2.1 Human Body
It is vital for the project to define human body parameters such as weight, weight distri-
bution, height etc. as well as what the pressure limits are which can be applied to certain
parts of the body. Once obtained, models will be made using worst casing situations.
2.1.1 Pressures on human body
During the lifting operation the human involved must not experience damage, pain or
discomfort. Although the operation described is only for a few minutes, several injuries
can occur during this small time interval. During initial tests with the existing prototype,
a high pressure concentration in the posterior side of the knee was identified. Therefore
the main focus of this research is aimed at the possible implications of a high pressure on
the posterior side of the knee.
Anatomy of the posterior side of the knee:
The anatomy of the posterior side of the knee is shown in figure 2.1. It shows the popliteal
fossa. This area, which lies in the cavity of the knee, will be subjected by the pressure
concentration that was mentioned before in this section. The popliteal fossa is a pathway
for a number of blood vessels and nerves. The contents of the popliteal fossa are:
• Poplietal artery
• Polietal vein
• Tibial Nerve
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Figure 2.1: poplietal fossa [5]
The tibial and common fibular nerves are the most superficial of the contents of the
popliteal fossa [25]. It must be ensured that these structure will not be damaged and
maintain their function throughout the lifting process.
Secondly the posterior side of the knee contains muscles and ligaments with various
tasks. These muscles are:
• Musculus gastrocnemius
• Musculus plantaris
• Musculus popliteus
• Musculus biceps femoris
• Musculus semimembranaceus
The ligaments found in the posterior side of the knee are shown in Figure 2.2:
• Fibular collateral
• Tibial collateral
• Posterior cruciate
• Anterior cruciate
• Medial meniscus
• Lateral meniscus
Pressure put on nerves
When prolonged pressure is put on a sensory nerve it will stop sending signals [29].
This is clinically known as transient paresthesia and more commonly as the ”pins and
needles” sensation. Since this phenomenon will cause a discomfort for the patient, the
cause and forces related must be researched. In literature an experiment was done on
the median nerve of the carpal tunnel. This nerve is located in the carpal tunnel of the
wrist. It was found that a pressure of 60-90 mmHg (8-12 kPa) will induce numbness in the
hand [26]. Since the median nerve is smaller compared to both the tibial nerve and the
common fibular nerve, the found pressure will be used as a safe upper bound for pressure
on the popliteal fossa. During the lifting task, special care needs to be taken towards the
common peroneal (fibular) nerve. This nerve runs most superficial in the popliteal fossa
and is also the smaller of the two nerves. The myelin sheet of this nerve is easily damaged,
as crossing your legs too often can cause permanent damage [13] and [24]. The path of
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Figure 2.2: Back ligament knee view. Source [10]
Figure 2.3: Back ligament knee view, source [32]
the common peroneal nerve is shown in 2.3.
Pressure put on blood vessels:
Occlusion of a blood vessel can lead to acute complications in patients. Symptoms in-
clude: swelling, pain, discolouration, warmth and visible surface veins [41]. Since a mayor
vein (popliteal vein) runs through the affected area, it should be avoided to occlude that
vein. In the study of [37] it was found that the popliteal vein will be occluded at a pres-
sure between 80-160 mmHg, in a study among 36 patients (median age 59, interquartile
range 45-65 years). A study on the occlusion of the popliteal artery was not found. Since
arteries on average have a higher internal pressure and a thicker wall compared to veins,
it will be assumed that the pressure needed to occlude the popliteal artery is higher than
the pressure of the popliteal vein.
Pressure put on muscles and tendons:
Although injuries in muscles and tendons do occur, they are usually caused by a sudden
force rather than a continuous force or pressure [18]. The gastrocnemius muscle can cramp
when put in a position where the lower leg is not supported, but this happens when the
patient is in a position for prolonged time [33].
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2.1.2 Human body paramenters
This section consists of human body part lengths, height and weight and its distribution.
It is very important to carefully choose and define this parameters, since they will be used
to determine the mechanical requirements of the mechanisms.
Weight
In order to do a correct design of the person lifter, one of the most important parameters
which need to be defined is indeed the body weight. With that, an estimation of the
reaction forces can be obtained.
Every country has a different, in many cases very different, weight distribution. In
figure 2.4, there is a cumulative percentage distribution of population. The U.S. has been
chosen as subject of study for three reasons:
• Worst casing(Mean and extreme weights are higher than in other regions)
• Possible target market
• Easy access to a great amount of information
Figure 2.4: Distribution of weight of US population sample separeted by gender [22]
Based on this study, the decision has been made to take into account the 99% of the
population and design a robot capable of lifting and holding 340lbs, which equals 154 kg.
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Weight distribution in body segments
In order to understand which loading situation must be expected on each point and for
each possible patient position, a distribution of the body weight adjusted into different
body parts is highly necessary. Thanks to these distribution, it has been possible to
estimate the expected reaction force on each point and it will be used to reinforce any
challenging zone of the structure. For details see table 2.1.
Table 2.1: Weight of each body segment expressed as % of the total weight. Extracted
from:[11]
Body part % of total body weight Stdev
Head 7,5 0,8
Torso 47,1 2,6
Entire Arm, right 5,4 0,6
Entire Arm, left 5,3 0,6
Upper arm, Right 2,9 0,3
Upper Arm left 2,8 0,4
forearm, Right 1,8 0,3
forearm, Left 1,7 0,3
Hand, Right 0,7 0,1
Hand, Left 0,7 0,1
Entire Leg, Right 16,7 2
Entire Leg, Left 16,6 2
Thigh, Right 10,3 1,4
Thigh, Left 10,4 1,6
Calf + foot, Right 6,4 0,82
Calf + foot, Left 6,24 0,66
Calf, Right 4,6 0,5
Calf, Left 4,6 0,5
Foot, Right 1,6 0,3
Foot, Left 1,6 0,3
Height
Naturally, another very important parameter to develop an accurate loading model is the
height of the individuals. It was indispensable as well to determine the necessary length,
and separation of the bars in lying, and other positions.
It has been a challenging parameter, since the distribution is not always logical. Ge-
netics, alimentation, and all kinds of external factors have an influence in height and body
mass, so in every country a different distribution must be expected. This should be taken
into account and limit the research in the markets exploitable by the project. So far,
different statistics have been used and a distribution has been extracted. In the figures 2.5
and 2.6 this distribution can be appreciated. This distribution belongs to a US sample,
although it is not the tallest nation [6]. However, the quality of the source and the fact
that it is among the 20 tallest are convincing enough as to use this data.
After analysing this statistics and considering that there is a direct correlation between
height and weight, it has been decided to design the person lifter being capable of lifting
comfortably people until 198 cm tall. On the other hand, the minimum height taken
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into account will be 148 cm. Bigger and smaller people may be lifted as well, but might
experience slight discomfort compared to the people within the parameters.
Figure 2.5: Male height distribution in a US sample [28]
Figure 2.6: Female height distribution in a US sample [28]
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Body segments length
The last important parameter to determine concerning the human body are the body
segment lengths and their centre of mass.This information is vital in order to correctly
distribute all the pressure, forces and present a good ergonomic. This way having too
much pressure on delicate parts like arteries or nerves can be avoided.
Picture 2.7 shows the statistical unitary length compared to the height of an individual.
Figure 2.7: Body part length expressed as % of height [17]
2.2 Current State of the art
About the contemporary technics for patient lifting it has to be said that numerous devices
exist, but few of them contain all of the following: complete freedom of movement in an
entire floor (limited only by the size of doors), self-propelling, and combination of different
possible positions, like offering a sitting and lying position for the comfort of the patient.
The current mechanisms could be divided in six sections:
• Section 1: Mobile, only sitting position, person propelled. Requires therefore the
use of human strength
• Section 2: Only mobile in a certain path (wall or roof fixed), automatic motion,
only offering sitting or lying position, but not both. Thought to transfer someone
to a wheelchair or a mobile bed
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• Section 3: Robots who have numerous functions concerning automated patient
lifting including advanced recognition features
• Robohelper Sasuke: Due to its similarities to the Elevon project this lifter must
be taken as a differentiated concept rather than including it in some other group
• Elevon: Project of the person lifter started in Fraunhofer Gesellschaft which is the
reason of this Thesis. The project was started in the past year and as mentioned a
prototype already exists
2.2.1 Section 1 concept
This kind of mechanism is the oldest invented and simplest for the patient lifting. Its main
advantages are the mobility and light weight. However the fact that it is person propelled
lets us glimpse that it is not designed to carry patients for a long time, since it is much
better to use a wheelchair for that. As mentioned in the introduction, not even this kind
of devices are completely safe. William S. Marras, Ph.D., CPE conducted a study on them
and some of the obtained results are found in [47], showing that while manoeuvring some
spinal undesirable tensions appear.
On top of that, the position in which the patient is held is generally unsteady, not for
safety concerns, but probably not very appreciated for older patients. The position itself,
even when stable, can also be rather uncomfortable.
As for the cost, this concept has a price range from $400 to $8000 USD, depending on
Figure 2.8: Picture of a human propelled person lifter [45]
the power and the level of automation.
The same concept exists for a lying position, but not for both.
2.2.2 Section 2 concept
The concept 2 is basically the same as the concept 1, but instead of having a mobile
platform or base, it is subject to a wall or to the ceiling. It requires the installation of
a rail from the starting point to the final point, which limits its range, limiting how and
where they can serve patients. It can securely lift loads larger than in concept one, but
it is only meant to transport patients to a wheelchair, a mobile bed, the bathroom or
somewhere within its range. Once again it can be designed to transport patients in a
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sitting or lying position. See figure 2.9. The price of this devices vary from $ 2000 to
$8000 USD.
(a) Picture of a ceiling-mounted in
sitting position lifter. This one is
meant to go to the bathroom [30]
(b) Ceiling-mounted lifter in lying position.
Meant to transfer patients from one bed to
another [23]
Figure 2.9: Example of ceiling-mounted lifters
2.2.3 Section 3 concept
There are only a few examples of this kind, like Riba II and III developed by RIKEN-TRI
in collaboration with Centre for Human-Interactive Robot Research (RTC) and an inven-
tion of Hstar Technologies, Rona.
The Riba idea is not only intended as a person lifter,but as a standing help as well.
It is automatized, recognizes voice commands, has a laser range finder on the front of its
wheel enclosure, as well as bumper sensors, which can bring the robot to a halt when
necessary. The robot can be physically guided by the arm thanks to its Smart Rubber
sensors, which are the world first capacitive-type sensors made entirely from rubber. Each
arm has 7 degrees of freedom, while the neck has 3, its waist has 2, adding three more
provided by the base. One inconvenient is that Riba is only able to lift patients up to 61
kg, although a new prototype is being developed which it has been assured will be able
to lift up to 80 kg. (See figure 2.10a). Riba is a project still in development, so it is still
unclear which will be its final characteristics.
Although more testing is needed, a commercial model should be ready by 2015 at a cost
of $77,000 USD.
As for the Hstar Technologies Rona, it does many of the Elevon functions, for instance
come when called or floor level lifting. It will have some degree of image and voice
recognition as well as a large screen in its chest allowing for telepresence functions, such
as displaying a live video feed of a doctor. All this functions add extra degrees of freedom,
actuators and sensors due to automatizing and the X-Y movement system. For these
reasons the final costs might become too high to afford for regular hospitals, although
since it is a project still in development, an approximate price could not be encountered.
It must also be mentioned that Hstar Technologies has military applications as well in
terms of retrieving wounded soldiers with robots similar to Rona, so it is likely that Rona
is a civilian application of a much bigger military project, meaning that the funds available
for this project might be difficult to compete with. The lifting load for Rona is 136 kg.
For more information about Rona see [42]. See figure 2.10b.
Chapter 2 Serni Solans Sala 11
Mechanical design of a person lifter
(a) Riba lifting a patient [35]
(b) Rona lifting a dummie [42]
Figure 2.10: Figures of concept 3
2.2.4 Robohelper Sasuke
As well as Riba, it is another Japanese designed robot, from Muscle Actuator Motor Co,
but this one is much simpler and it can more or less do the same functions as Elevon. The
patent regarding Robohelper Sasuke and its interferences with Elevon will be discussed
in the patent section 2.6, it will have to be considered since at least the part of the two
bars to lift someone from the bed idea is similar. The lifting capacity of this robot is 120 kg.
Never-the-less Sasuke is focused on bringing the patient to a wheelchair, although it
would seem capable of moving the patient around an entire floor. The bar distance is fixed
and constant and it only uses two actuators, which keeps it from doing some movements or
achieving positions considered necessary for the Elevon project. The price and availability
of this device has not yet been announced.
More details of this robot and method can be found in the patent section of this work.
To deepen in the section see [36], where even a video of the robot in action can be found.
Figure 2.11: Picture of Robohelper Sasuke [36]
2.3 ELEVON
Since it is the starting point of this project, Elevon as part of the current state of the
art must be described in a different section and in a different manner. Here a summary,
putting emphasis specially in the mechanical aspects of the project will be exposed. To
better understand the whole original intentions and dimension of Elevon, please refer to
the Bachelor Thesis: [9]
Elevon is a project involving a person-lifting robot which covers some needs of patient
lifting which have not been covered so far, or at least not with the same device. A model
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of Elevon was created with 3D printing technology and it might be helpful to create an
image of what Elevon was looking like. See figure 2.14. There can be seen, for instance,
the Hammock concept to hold the patient.
Elevon, as it was conceived had to accomplish the following attributes:
• Automatic movement to certain position when called via smartphone
• Self-driving
• Transporting patients in sitting and lying position
• Lifting from beds
• Compact
So the original idea was to create a device capable of doing all this tasks while maintaining
an acceptable dimensions and having a nice exterior aspect. With these ideas in mind the
project reached the prototyping checkpoint.
A first design and a prototype have been built to resemble and accomplish this concept
and its attributes. Nevertheless this design is only structural and only achieves the lifting
and sitting task. The robot is still manually displaced, and even in the tasks that it does
achieve, lots of improvements must be made. In figure 2.12 it can be seen how does the
prototype look on CAD model
In figure 2.13a and 2.13b there is a general picture of the prototype. The movement
is achieved by allowing a certain rotation angle on a joint close to the base (around 45
degrees), and then extend linearly through some extending tubes and a mechanism involv-
ing a linear actuator and a chain with a gear, see 2.13c. The turning movement as well as
the extending movement are actuated by linear actuators, concretely from LINAK LA36
series, see 2.13e. It was believed that due to the weight of the patient and the mechanism
itself, the retracting movement would be done by gravity itself, however it led to some
problems.
Due to friction and tilting of the upper part along the axis 2.13c movement gets stuck
even when the actuator is being retracted and then at some point where the forces along
the axis must be higher it suddenly falls.
Another problem to be solved is stability, even without loading, the arms are tilting
too easily, making it difficult specially for older people to feel comfortable and safe on the
robot.
That is why the redesign of Elevon, must have a strong impact on improving the robust-
ness of the mechanism. New requirements must as well be considered, for instance lifting
fallen patients from the floor, or bath aiding possibilities.
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(a) Front view of the
Elevon CAD model
(b) Lateral view of the Elevon
CAD model
(c) Top view of the Elevon
CAD model
Figure 2.12: Views of the Elevon CAD Prototype model
(a) Designed aspect of Elevon (b) Elevon model folded
(c) Elevon model picking a patient from bed (d) Elevon model in lying position
(e) Elevon model in sitting position
Figure 2.14: Elevon model pictures [9]
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(a) General View 1 (b) General View 2
(c) Arm elevation mechanism
(d) Legs size problems
(e) Back view (f) Lateral view
Figure 2.13: Elevon prototype
2.4 State of the art summary
Table 2.2 reflects a comparison on different aspects between the commented State of the
art groups. The thought improvements for Elevon have been summarized in the Elevon
(New) column. This table is created with the aim to simplify the comparison between
the different concepts. Several advantages and characteristics are evaluated and in the
following table it has been stated if each device meets the criteria of interest or not.
Table 2.2: State of the art comparison table
Concept 1 Concept 2 Riba and
Rona
Sasuke ELEVON
(Original)
ELEVON
(New)
Mobility GOOD VERY LIMITED GOOD GOOD GOOD GOOD
Simplicty YES NEUTRAL NO NEUTRAL NEUTRAL NEUTRAL
Travelling distance NEUTRAL SHORT LONG LONG LONG LONG
Multiple positions NO YES/NO YES YES YES YES
Floor picking NO NO YES NO NO YES
Stability LOW NEUTRAL HIGH HIGH LOW HIGH
Automatic or motor-
ized
NO YES YES NO NO NO
Weight liftig capability NEUTRAL HIGH LOW HIGH HIGH HIGH
External installations NO YES NO NO NO NO
#Actuators (Price) LOW NEUTRAL HIGH NEUTRAL NEUTRAL NEUTRAL
Adjustable bar dis-
tance
NO NO YES NO YES YES
Bath Aid YES YES NO NO NO YES
Toiletting aid YES YES NO NO NO NO
Comfort NO NO NO YES YES YES
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2.5 Norm requirements
In this section some of the norms which have been read about patient lifting, robot security
and nursing ergonomics will be summarized. That being said the following have been the
norms considered to have interactions or remarkable influence to the Elevon project:
• EN ISO 10535:2006 Hoists for the transfer of disabled persons – Requirements
and test methods. German title: ’Lifter zum Transport von behinderten Menschen-
Anforderungen und Pru¨fverfahren’.
This norm lists and defines the minimal safety and functionality requirements in
different types of lifters (mobile, fixed. . . ). It also contains information and hints
about what kind of tests should be done for each requirement. From this norm the
following requirements where extracted:
– Weight: must lift at least a 120kg person
– For a mobile lifter, when stopped it should not slide on a 1o incline more than
10mm during a period of 1min
– Lifter must not fall over when carrying 1.25 of its maximum load on the fol-
lowing slopes:
∗ 10o forward
∗ 10o backward
∗ 5o sideways
– Control panel at 80-120cm
– Force received when a part of the body is trapped in the mechanism cannot be
higher than 100N.
– Movement speed during loaded lift must be below 0.15m/s
– Movement speed during unloaded lift must be below 0.25m/s
About the test methods, they will not be described here since they do not apply as
norm requirements.
• DIN EN ISO 13482:2014 Robots and robotic devices – Safety requirements for
personal care robots. German title: Roboter und Robotikgera¨te - Sicherheitsan-
forderungen fu¨r perso¨nliche Assistenzroboter
This norm is basically a summary of all dangers and therefore security requirements
concerning non industrial robots. This norm does not specify numbers, but it gives
guidelines and everything needed to be taken into account when designing an assis-
tance robot. Regarding the Elevon project the attention should be focused in points
5 and 6 as well as in the appendixes.
In the appendix A, a table containing all kind of possible dangers and its cause is
observed. Appendix B contains explanations and examples of the necessary space
partitions in order to create a safe movement and path for robots which have or are
able to move freely in a floor. Appendix C teaches and gives examples about how to
calculate this space partitions mentioned above. This will be useful and necessary
when defining the autonomous movements of Elevon.
Appendix D and E are merely informative. E has to do with different signals which
must be included on the robot to denote danger.
Other lifting-related norms have been discarded for they do not apply to the Elevon
concept.
Some of the discarded are:
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• DIN SPEC 33420:2013-12 ”Ergonomie - Manuelles Bewegen von Personen im
Bereich der Pflege”, English translation: ’Ergonomics - Manual handling of people
in the healthcare sector (ISO/TR 12296:2012)’
It was disregarded because it only refers to methods of moving patients manually, and
the objective is precisely the opposite, moving patients with the help of mechanisms.
• DIN 32983:2006-05 ”Fahrzeuggebundene Hubeinrichtungen fu¨r Rollstuhlbenutzer
und andere mobilita¨tsbehinderte Personen”, English translation: ’Lifts installed on
vehicles for wheelchair users and for people restricted in their mobility - Additional
safety requirements and testing’
This one was disregarded because it has to do with mechanisms to move wheelchair
users from outside into a car, and that is out of the function range of Elevon.
2.6 Patents
An intensive research through different databases has been conducted to find patents with
similar concepts as Elevon. Patent Database - Justia, Eurpean Patent Office and Patbase
where the most used... Patbase turned out to be the most useful one, also thanks to
Fraunhofers Patbase membership. Most of the patented lifting mechanisms have almost
nothing to do with Elevon; however there are some which might be of interest.
Although in many databases it was unclear the state of the patents, or in some cases
even contradictory, after consulting with an expert, it was learned that a patent can only
be maintained at most for 20 years and after that it expires.
Table 2.3 shows a summary of all relevant patents found. Later on they will be indi-
vidually analysed.
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Table 2.3: Patent Overview
Reference Date of
publish
State Place Title Classification Validity
CH275011 30/04/1951 EXPIRED Zurich Einrichtung
zum Heben
und Trans-
portieren von
bettla¨gerigen,
kranken
Personen
- -
US5084921 30/01/1992 EXPIRED Supine Patient
Lift and Trans-
fer Apparatus
A61G7/10 US
US3914808 28/10/1975 EXPIRED Lift And
Transport
Device
A61G7/10 US
US3786523 22/01/1974 EXPIRED Medical appli-
ance
A61G7/002,
A61G7/14
US, Luxemburg,
Germany, France
EP2428197
A1
14/03/2012 VALID Amsterdam
(NL)
Apparatus
including a
device for
transferring a
patient from
a bed to the
chair
A61G 7/16 EU state mem-
bers Turkei,
Norway, Mon-
tenegro, bosnia
US
5428851 A
04/07/1995 EXPIRED Transfer Trol-
ley
A61G7/10 PCT (WIPO,
WO)
WO
2014/046292
A1
27/03/2014 Care method
and care robot
used therein
A61G1/003,
A61G1/02,
A61G1/10
Published in
Austria, Canada
and Japan.
DENIED in
GERMANY
• Original title: Einrichtung zum Heben und Transportieren von
bettla¨gerigen, kranken Personen Reference CH275011
Own translation of the title: Mechanism for the elevation and transport of bed-
laying, ill people.
This patent describes a mechanism somewhat similar to Elevon in some points:
– It uses bars under the patient in order to provide a base for the lifting operation
– It is intended to be freely moved around the floor
The bar idea is already different taking into account that Elevon will only use two
bars and the patient will lie on a hammock. In any case the mechanisms to lift or
lower the apparatus are completely different from the ones in Elevon.
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It is claimed Equipment to lift and transport invalid, injured patients with a number
of insertable supporting members under the patient, and a mobile frame which is
provided with a lift and lowering mechanism for the supporting members.
Although some very little similarities, it is not a problematic to Elevon. As seen in
table 2.3, it has already expired. For more information see [16].
(a) Ready to lift (b) Securing patient
Figure 2.15: Descriptive figures from the CH275011 patent [16]
• Transfer trolley. Patent Number: US5428851
This particular patent is focused in the fluid mechanism used to put the patient
on the trolley rather than in the mobility, or other aspects of the function itself.
Since the transfer mechanism of Elevon is completely different it is not likely to have
problems concerning this patent.
Main claims: Movable structure having a plurality of wheels, a beam attached and
a plurality of tines. As well as a locomotion means to lift vertically (hydraulic jack).
All the rest of claims return to the initial one. This patent has already expired. For
more information see [2].
Figure 2.16: Descriptive figure of transfer trolley [2]
• Lift and transport device. Patent Number US391480
It is claimed ground engaging wheels, horizontally disposed base supported on wheels,
vertically extendable mast secured to rotatable mounted plate, power means opera-
tively connected to the mast for vertically extending are claimed in this patent.
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Moreover, this device is only intended to transfer patient from beds to wheelchairs
or other vehicles. It is not mentioned in the patent file if this device can be used on
lying patients, however it does not seem possible to acquire such a position. It is
not a concern for Elevon and it has long expired. For more information see [46].
Figure 2.17: Descriptive figure of the Lift and transport device [46]
• Apparatus including a device for transferring a patient from a bed to the
chair. Patent Number: EP2428197A1
This apparatus uses other kinds of mechanisms, platforms and technics which are
hardly comparable to Elevon. However the functions described are the similar. It is
described the ability to take a patient from a bed to a chair and vice versa as well as
pick a patient up from the floor and adjustable in transverse direction wheels. All
the mechanisms they claim however are very different.
Main claims: A chair including a device for transferring a patient from a bed to a
chair, comprising a mobile frame on which at least two segments are mounted which
segments are pivotally connected, in particular a seat and back support segment.
For more information see [4].
Figure 2.18: Descriptive figure of the lifting apparatus [4]
• Medical Appliance. Patent number: US3786523
Some functions and even the appearance of this apparatus are similar to the Elevon
idea, however this patent is purely technical and since the same mechanisms are not
used it does not affect Elevon. Claimed: Vertical frame movement which attached
has two pivotally subjected frames (one on each end). Other claims about motion
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mechanisms like hydraulic jacks. It has already expired. For more information see
[39].
Figure 2.19: Descriptive figure of the medical appliance [39]
• Supine Patient Lift and Transfer. Patent Number US5084921
The main difference with this apparatus is among others that it has to be manually
operated and it can achieve different heights only through a single rotational dis-
placement, which limits its range to unacceptable conditions in Elevon.
Claims: Mobile frame means including an upright standard projecting above hos-
pital bed height and patient sling lift means including a pair of opposed lift arm
means pivotally supported. The rest of the claims mainly have to do with resistance
elements to aid the nursery personnel do the necessary movements. The claims of
this paten tend to mechanical matters, which are not a big concern for this project.
It has already expired. For more information see [19].
Figure 2.20: Descriptive figure of device [19]
• Care method and care robot used therein (Robohelper Sasuke).
WO 2014/046292 A1
This is the patent corresponding to the Robohelper Sasuke, created and patented by
Muscle Corporation from Osaka, Japan. In their patent, it is also found a method
describing how to use the robot. This method seems to be hardly subject to becoming
patented as it is an usual method to lift and turn patients. This is probably the main
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reason why it has been turned down by the German Patent Office. Nevertheless if
it was to be corrected or accepted in other countries it could suppose a concern for
the Elevon project. The text is currently found only in Japanese, which makes the
translation complicated. Therefore, the following summary of the application patent
claims might be somehow confusing and it could hold some imprecisions.
It is claimed:
– A care method (first two claims). Not described here because it is not relevant
for the Elevon Project. Although similar methods can be used to lay patients
on Elevon, it can be exposed merely as a recommendation.
– A care robot comprising a movable base, a first and a second rising and falling
shaft arranged on the base, an U-formed element; wherein the first rising and
falling shaft has a rotative element being able to rotatively and unslidably hold
the bottom section of the U-formed element. One part of the bottom section
of the U-formed element being rotatively and unslidably held by the first rising
and falling shaft and another part by the second. (Claim 3)
– Two different power sources, one for each shaft arranged on the base
– A control panel controlling both rising and falling shafts on the base
– A control panel arranged at middle back of the first and second rising and
falling shaft
– A movable base, rising and falling shaft arranged on the base, a rotative shaft
attached to the rising and falling shaft two contracting and expanding shafts
arranged symmetrically with respect to the rotative shaft, a first arm arranged
to the first expanding and contracting shaft and a second arm arranged to a
second expanding and contracting shaft. (Claim 7)
– Control device with position-changing means
– Additional details of control panel
∗ Right side or left side of the care robot
∗ Manual-automatic operation changing means/memory for storing action
patterns
– Arms are stick-like
– Power source for driving
– Dressy cover covering
– Base having a moving device; wherein the moving device has a front wheel
holding block having a front level part and an upslope rear part
Figure 2.21: Descriptive figure of Care Robot [14]
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Although differences between Robohelper Sasuke and the Elevon project, it will be
tried during the concept developement to choose a differentiated movement type and
mechanisms whenever convenient and possible, in order to prevent future problems.
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Concept development
All the research exposed in the previous chapter of this Thesis had the objective of making
of ELEVON a safe, ergonomic, economic and environmentally friendly device always using
the best available techniques, covering the flaws of other devices. During this chapter sev-
eral new motion and design concepts will be introduced and discussed in order to enhance
the current state of Elevon, on the line of some subjects mentioned in section 2.4 of this
Thesis.
First thing necessary is to refresh and structure what is required from Elevon, what
limits do the norm hold, what are our own expectations and what criteria will be chosen
for optimization.
3.1 List of requirements
3.1.1 Driving task
• Self-driving: one objective of this project is to make everyday life in the hospitals
and nursing homes more efficient by reducing the time the nursery personnel needs.
In this line, self-driving to a chosen position seems a great advantage. To achieve
that, sensors, motors, programming and security testing will be needed.
• Positioning system: to achieve a self-driving robot, some kind of positioning system
will be necessary. It is not covered in this thesis, the intentions is to merely state
that it will be a requirement in future phases of the project.
3.1.2 Range of motion
• Lift lying person from bed (30-80 cm from floor height): hospital beds or residence
beds are not always at the same height (although often adjustable), and Elevon has
to be able to reach every kind of bed. This is and added difficulty that might discard
some of the concepts.
• Reach a comfortable seating position without the patient’s feet touching the ground
• Floor lifting positions
3.1.3 Patient weight and comfort
Weight and volume of patient
As agreed in Chapter 2, Elevon must be able to lift with all comfort and safety measures
a patient from 148 till 198 cm tall, while the weight range includes from 0 to 154 kg.
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For heights outside of this range, Elevon is still secure, as long as the weight limit is not
surpassed, however the patients may feel slight discomfort.
Comfort
The following concentrated pressures need to be avoided in order not to cause problems
in the patient’s body.
• Popliteal nerve occlusion: 4-8 kPa [26]
• Vein occlusion: 9 kPa [37]
• Artery occlusion: > 9 kPa
• Skin irritation reduced blood flow: 10 kPa [27]
The body zones where the highest values of the mentioned parameters are expected
are the back of both knees.
3.1.4 Size requirements
• Must fit through a hospital door : 1.2x1.2m floor projection
• Height must be lower than the chest height +/- 120cm in order that a nurse can
maintain visual contact with the patient.
Optimisation Criteria
The following criteria list has been used in order to choose between concepts and also
when developing them
• Stability/robustness
• Ease of use
• Automatizing
• Energy Efficient
• Power Efficient
• Light
• Easy to produce
• Affordable
• Lift lying person from floor (0 cm from floor height)
• # DOF
• amount of actuators
• Size
• Workspace
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3.2 Workspace Analysis
During the research a desired workspace for the lifter has been set. It will be a very
important factor when punctuating and deciding which concept is the best.
To define this desired workspace, the minimal range of motion and desired positions
were taken into account. It has to reach the floor to be able to pick up someone who has
fallen. For this reason there are a couple of points in the -0,1m y distance (floor level, 0
m is the Elevon reference platform). It has a point in the X position 0,6 and in the X
position 0,8 so that the tallest and the shortest person being lifted can be comfortable.
This does apply for every desired position. It has been found that the average height of
hospital beds is around 0,8m, so the range of Elevon for lying position must reach that, and
has still been amplified to 20 cm more. Then comes the sitting position, which has been
defined from the length of the body segments and again height of the person. Since the
distance to overcome from one bar to the other is almost only the half as in the lying posi-
tion, the point difference between the tallest and shortest person is almost half of it as well.
The workspace coverage will be evaluated as the percentage of workspace covered by
each concept with its respective movement possibilities. The desired workspace is a sym-
metrical workspace. The symmetrical workspace has been set up so that both bars of
the lifter can do the same task. This means that both bars of the lifter will reach all the
important positions.
Finally it is wanted that Elevon can do the same functions in both sides of a bed, as
explained before, therefore in the workspace it has to be included both, the lower sitting
position (knee bar) and the high sitting position (head bar). To define those, the body seg-
ments lengths have been used again in order to leave a sufficient clearance (approximately
40 cm) from the lowest expected point to the floor and provide a comfortable position at
the same time.
In figure3.1 a representation of the workspace can be seen.
Figure 3.1: Figure of the Workspace
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3.3 Concepts
In this part several working concepts for the Elevon lifter will be presented and evaluated.
All of the concepts currently presented will use a two bar and hammock system that was
used in the original prototype. These bars will need to move in the 2D desired workspace,
described in the list of requirements.
All of the concepts will use at most two actuators or joints per arm. Two actuators
and or joints will give an arm 2 DOF’s, this should be enough to reach the 2D desired
workspace. When more actuators and joints are used, the arm will have an extra DOF.
This extra DOF should not be needed to fully describe a planar motion; therefore those
concepts will be considered inferior.
The current concepts are named by the joint types that are used, either Rotational or
Translational. These names will describe the motion of the first joint and then the motion
of the second joint. For instance the concept ‘Rotation Translation-x’ has a rotational
joint at the base and then a translation joint along the x-axis of the rotated bar. This
concept would be the original Elevon lifter prototype.
Two concepts will not be discussed and considered in this report. These concepts
are ‘Rotation Translation-y’ and ‘Translation-y Translation-x.’ It has been chosen not to
include these concepts as they proved to be unable to manufacture or unable to provide
the required motion.
3.3.1 Rotational-Rotational (RR)
The rotation-rotation concept is comprised of two bars per arm that are connected with
rotary joints. A schematic drawing of this concept is given in figure 3.2.
Figure 3.2: Drawing of the Rotational-Rotational concept
Each of the rotary joints in this concept will be driven by rotary motors. These can ei-
ther be servo motors, which provide high speed performance, but also a low holding torque,
or stepper motors, which provide low speed performance and a high holding torque. Since
the arms will likely be long for the task given (between 40-100 cm) high torques will appear
on the lower joints. These high torques mean the motors will also need to provide a higher
power compared to some other concepts. To directly control the arms of the RR concept
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an extra encoding step will need to be made. This step will convert the translational
request of the operator to the joint angle movements of the robot. It means the concept
is susceptible to singularities.
Some other inherent benefits of this concept are that the arms allow for the design to
be foldable. This makes the concept very compact during the driving task and when the
lifter is inactive.
The design parameters of this concept will be the bar lengths of the arms, combined
with the separation of the hinge points at the base of the lifter. These lengths will have
to be calculated to reach an optimal coverage of the desired workspace.
Range of motion
The range of motion of the RR concept is described by the integration of a circle around
the second joint point over a quarter of a circle (the rotation of the first joint). The total
area of the RoM (Range of Motion) is given by:
Arr =
∫ pi
2
0
L1
∫ 2pi
0
L2dθdφ
In figure 3.3 it can observed the actual aspect of the range of motion. This graphic,
as all the other graphics of the range of motion of the concepts have been created by my
co-worker Rick Brons using Matlab. To determine the arm lengths and other parameters,
an optimization algorithm was used. This kind of algorithms are pretty common, see for
instance [21]. My co-worker Rick Brons has programmed an optimization algorithm in
Matlab which will calculate the arm length by minimizing a mathematical formula. The
same procedure has been used for every concept.
Figure 3.3: Workspace of RR concept
3.3.2 Translation-x-Rotation Concept
The translation-x Rotation concept, as the name says, comprises of a translation stage in
the x-direction and a rotation stage. This concept is depicted in Figure 3.4.
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Figure 3.4: Drawing of the Translational-x-Rotational concept
The first translation stage can be driven by a gear and chain system. This will allow
the two separate translations to be linked and driven by one actuator, although indepen-
dent linear actuators can be beneficial for the reaching capability of the multiple positions.
The bars will be driven by a rotary motor. The motors can be the same as with the RR-
concept, where stepper motors will be the likely candidates.
Some concerns were found while investigating this concept. For instance the required
movement when picking a person from the floor to the seating position will require a mul-
titude of complex motions. When the motion is not executed properly the patient could
even fall off of the prototype. This is a serious issue which cannot be overcome when this
concept is used.
The design parameters of this concept will be the arm lengths and the height of the
translational stage. These values will have to be optimized to reach an optimal coverage
of the desired workspace.
Range of motion
The range of motion of the TxR concept is described by the circle of the arm around the
translational slide. The total area of this Range of Motion is described by the following
formula:
A =
∫ tr1
tr0
∫ 2pi
0
Ladθdx
The arm lengths are calculated using the same optimisation algorithm as mentioned before.
The workspace coverage of the optimal arm lengths is calculated at 52%. This is supported
by the plot of the range of motion, given in figure 3.5. As can be seen, the TxR concept is
only able to reach the normal bed position and no others. This means that the movement
provided by this concept is insufficient for our goals. Given the small size of the TxR RoM
it is also efficient in using its RoM for the desired workspace. In the optimal case 45% of
the RoM is utilized by the workspace.
Chapter 3 Serni Solans Sala 29
Mechanical design of a person lifter
Figure 3.5: Range of motion of TxR concept
3.3.3 Translation-y-Rotation concept
The next concept is described by a translational stage in y-direction and a rotary stage in
each arm. A schematic drawing of this concept is given in figure 3.6.
Figure 3.6: Drawing of Translational-y-Rotational concept
The translational stage is proposed as one single slider to which the rotary arms are
attached. These arms will then be able to rotate independently towards the desired posi-
tions. The actuator of the translation stage can be made with a gear and chain system.
Here a rotary actuator will be attached to the bottom frame and the slider is attached to
guides and a chain running from top to bottom. Using this design will eliminate an actu-
ator stage, making this concept more efficient. With this concept the arms can be folded
inwards, making this design compact when inactive. Manual operation of this concept will
be slightly more intuitive compared to the RR concept. Raising and lowering patients can
be done by only moving the translation stage, while changing seating position is controlled
by adjusting the bar angles.
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Figure 3.7: Range of motion of TyR Concept
Some concerns with this concept are with the force distribution. With the current
concept all forces and moments will be put on the translational stage. This stage will have
to be designed to handle those forces, making the motor larger and more expensive. Next
to this, the height of the translational stage will be permanent. This has to be considered
during evaluation of the concepts, as this permanent size might be too high.
Range of Motion
The range of motion of the TyR concept is described by the circle of the rotary arms
integrated over the movement of the translational stage. The total area of the range of
motion is described by the following formula:
A =
∫ tr2
tr1
∫ 1
2
pi
0
Ladθdy
The optimal parameters for this concept were determined using the same Matlab algorithm
created by Rick Brons as in the other concepts. This resulted in a workspace coverage of
63%. This coverage is also plotted in figure 3.7. It can be seen that the TyR concept with
symmetrical arms and a single translation stage will not be able to provide the desired
workspace. It cannot pick people up from the ground and it is not able to provide a
comfortable seating position, because the lower sitting position is not reachable. The TyR
concept has a medium sized RoM. In the symmetrical case 47% of the RoM is utilized by
the workspace. From figure 3.7 it also becomes clear that the y-translation for each arm
needs to be independent to reach the seating position for example and probably the arms
should be of different length. This will increase the number of actuators and decrease the
efficiency.
3.3.4 Rotational-Translational concept (Original Elevon)
The RT concept features a rotational joint at the base and a translational joint along the
x-axis of the rotated bar. This concept was the design of the original Elevon prototype.
A schematic drawing of the RT concept is given in figure 3.8.
The RT concept uses one rotational actuator and one translational actuator per arm.
Using a high torque rotational motor for the rotational stage is advised. A large stepper
motor is suggested. The translational stage is harder to execute. They either require a
gear and chain system, where the actuator is located at the base, or an actuator mounted
on the rotating bar. The first option is relatively hard, due to the rotation of the slider
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Figure 3.8: Drawing of the Rotational-Translational concept
with respect to the motor, because of the bar movement. The second option requires the
rotational motor to rotate the linear actuator assembly. This introduces extra torque on
the joint, requiring a more powerful motor. The RT concept has a foldable design, mak-
ing it more compact during inactivity or the driving task. Although there are telescopic
designs possible, the arms will likely be long, even in the inactive state. These large arms
will also introduce a high torque on the base hinge. The overall weight of this concept will
be high, due to the 4 actuators and the guide systems needed in the arm.
The parameters that need to be determined for this concept are the travel length of
the sliders and therefore the length of the arms, the height of the hinge point and the
distance of the hinge point to the centre. These parameters will be determined through
the previously explained optimization method.
Range of Motion
The range of motion of the RT concept is described by the area of a circle. The radius
of the circle is determined by the maximum translation of the slider along the bar. The
total area of the range of motion can be calculated by:
A =
∫ 1
2
pi
0
∫ t1
t0
dr dθ
For this concept no optimal variables needed to be calculated. The maximum and mini-
mum translation distances were calculated using the distance of the furthest desired point
to the centre of rotation and the closest point respectively. The RoM(Range of Motion) of
the RT concept covers 99% of the desired workspace. The optimal RoM has been plotted
in figure 3.9.
It can be appreciated that the RT concept is able to reach all the key points, except
for the floor positions. This is due to the endpoint of the arm hitting the ground before
the end-point will be able to reach the floor position. However it is believed that picking
up a person from the floor is possible, as the hammock design allows for some slack. What
is also seen from Figure 30 is the large size of the RoM of the RT concept. This extra
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RoM is largely unused though as only 22% of the total RoM is utilized by the desired
workspace.
Figure 3.9: Rotational-Translational Workspace
3.3.5 Translation-Translation Concept
he last concept is described by a set of two translational joints per arm. The first joint of
each arm travels in the x-direction. This joint has a bar attached to it, along which the
second joint travels in the y-direction. A schematic drawing is given in figure 3.10.
Figure 3.10: Drawing of Translational-Translational concept
The travelling motion of the slider joints in this concept are made either by transla-
tional actuators, such as a linear actuator or rotary motor with gears and chain. Using a
gear and chain for the motion in x-direction means that this design can be used with only
three actuators, instead of four as seen in the other concepts. The translational motion of
both of the joints means the manual control of the endpoint will be very intuitive, as the
notion of up-down left-right is very easy to understand. This compared to the previous
concepts, where there always needed to be a translation between the rotational movements
of the joint to the translational desires of the operator.
A concern with this design would be the robustness of the endpoints. Since the y-
stage is mounted to the slider of the x-stage, the endpoint can have some movement. This
might cause the patient to be hesitant to move during the lifting process, leading to an
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uncomfortable experience. Another concern for the TT concept is its size. Given that it
will likely use a gear and chain system for the x-stage, this concept will have a permanent
width. This width will likely be larger compared to some of the other concepts.
Range of Motion
The RoM of the TT concept is described by a rectangle. The limits in x-direction and
y-direction are determined by the maximum and minimum of the desired workspace. The
total area of the workspace of the TT concept is:
A = (txend − tx0)× (tyend − ty0)
A plot of the workspace of the TT concept is given in Figure 32. As seen in Figure 32
the RoM of the TT concept completely covers the desired workspace, meaning a 100%
punctuation on this subject. To reach the full coverage a different bar will have to be
used on the endpoints. If this bar is curved in an S-shape down in the y-direction, the
TT concept would be able to pick up a person from the floor. The current workspace
efficiency of this concept is 38%, which is a moderate efficiency.
Figure 3.11: Workspace of TT concept
3.4 Choice of best concept
At this point it becomes necessary to decide which concept will be the one which will be
developed. To do that, different punctuations have been given to each concept by weighting
different criteria and comparing them. For each criteria and concept, punctuation between
0 and 10 has been given.
3.4.1 Criteria definition
Stability is a factor comparable to robustness, meaning the ability to hold the expected
load without trembling nor bending too much. Given the length of the bars and distance
between them in worst casing it seems clear that the worst concept in that subject is TT.
Ease of use describes how intuitive and relaxed it is for the user (normally nursery
personnel), who must be assumed with few mechanical knowledge, to control the device
through the actuators and achieve positions. TT has indeed the advantage since it is the
most intuitive to use. On the other hand RR is far more complicated since two rotational
movements have to be analysed and probably it would require automatic program to move
to the desired positions. It is very likely that automatized programs will be designed to
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do the movements of any of the concepts, which lowers the importance of this factor, but
in case of failure, emergency or by the users choice, he/she should be able to actuate it
with manual controllers.
Efficiency and Workspace are two exactly calculated concepts using Matlab, effi-
ciency would be the ‘percentage‘ of the total covered area by the range of motion of the
concept of interest, which finds itself inside of the desired workspace, and therefore it is
useful. In a similar way, the criteria workspace is no other thing than the total desired
workspace which is covered by the optimal range of motion of the concept.
Position achieving is easy to define, since it is simply a punctuation considering the
number of ‘required’ points (positions) which the chosen concept can achieve. 10 means
that it is able to achieve every position.
Price is a criteria which takes into account the number and estimate cost of the ac-
tuators, as well as the amount of material and other mechanisms needed. This criteria is
not very precise since the estimate prices of different actuators fluctuate and can change
rapidly, and the few knowledge possessed of most of the concepts contribute to its impre-
cision. These are the reasons why its factor of importance has dropped to 5%.
As for the number of Degrees of Freedom, each concept has three or four. For
the same range of motion, it has been considered better to have less degrees of freedom,
because it simplifies the design. For this reason, 3 degrees of freedom is a 10 and 4 is a 5.
The number of actuators is simply the amount of actuators required in each concept.
And finally the size of each concept is the space it needs in the off/resting position.
The final result also varies from 1 to 10, 10 being the best possible mark. The TR2
concept has been dropped since it was not possible to achieve some of the basic positions
which were needed.
Table 3.1: Punctuations according to the criteria and final result
Stability Ease
of use
Efficiency Positions Price #DOF #Actuators Size Workspace Total
RR 7 5 2,2 10 9 5 5 10 10 8,21
TR1 8 9 4,7 5 8 10 5 8 6,3 7,365
TR2 9 7 4,5 2,5 7 5 5 5 5,2 6,22
RT 7 6 2,2 7 7 5 5 8 9,8 7,09
TT 6 10 3,8 10 7 10 10 6 10 7,84
Weight 20% 5% 5% 15% 5% 5% 5% 20% 20%
After looking at table 3.1, two concepts stand out, those are the RR and TT. Those
have been further investigated in order to get an accurate overview of costs and difficulties
before taking the final decision.
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Final concept
After taking a deeper look into the Translational-Translational and Rotational-Rotational
concept the following conclusions were extracted:
4.1 Translational-Translational issues
When using linear actuators to move up and down the bars due to stability reasons a
column was always necessary which adds height to the robot. For the range of motion
agreed on Chapter three, a 700 mm stroke actuator would be needed which involves around
900 mm of retracted length. This implies a big space which has to be reserved for the
actuator. It could be solved by using rotary actuators like servo motors and lift with a
chain mechanism or even belts and pulleys. However this option raises the cost since those
motors tend to be more expensive than linear actuators and still they do not have enough
power for our kind of operation. That means that a gearbox should be added increasing
the costs drastically and the required space in lesser measure. Several configurations were
designed running always into similar difficulties.
Still, the biggest problem of this configuration was the base space which would need
to reach all the decided positions (from 700-850mm x 300 mm base, when off). A simple
design for each kind of actuation was done. The relevance is not very high, but to see how
it looks like see figure 4.1.
Figure 4.1: TT concept CAD assembly
At the sight of all those problems the decision to discard this concept was taken.
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4.2 Rotational-Rotational issues
For the rotational concept the main problem was find a way to move it with linear ac-
tuators. Rotary actuators seemed too expensive or were not powerful enough and were
discarded. The problem with linear actuators was their dimension and required power in
order to achieve the desired movements. In some configurations these motors needed to be
attached to the arm itself, increasing difficulty and weight to be displaced. Some solutions
did also involve chains, which was not desired, specially when attached to a linear actuator.
Stability was also striking as a big concern, because the joints had to take up high
torques. Making the arms more rigid also mean them more heavier. So this option was
finally discarded.
4.3 Decision
At this point the concept with more options was the Rotational-Translational, it obtained
a good punctuation in the comparison and since the original design has similarities with
this movement principle, certain things are already known and have been investigated.
Figure 4.2: Schematic drawing of the Final concept
4.4 Base model
The first concern that has been run into for the base design was to find a way to have
stability in any situation (driving, floor picking, rest position...) while still being as much
compact as possible. Must be remembered that the robot must fit through 1,2 m doors.
The problem is that when picking up a fallen patient, there needs to be enough room
for him to be in between the supports or legs of the robot. The only solution to meet this
criteria is to design the base so that the legs or supports are mobile. Two ideas are further
investigated after disregarding the rest of the obtained from brainstorming.
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4.4.1 Base sliding legs
The first and probably the most innovative idea is to have curved legs and slide them from
a driving or resting to a floor picking position when necessary. In figure 4.3 it is shown
clearly the expected movement.
(a) Sliding base diving posi-
tion
(b) Sliding base floor-picking position
Figure 4.3: Sliding base movement explanation
This option could be actuated with a single rotary motor and power transmission via
belts or chains. It would provide a fast and stable way to change from one position to
another while keeping a nice industrial design. However the sliding base also has some
problems. The main one is that to assure safety and stability, a big space is necessary,
and while keeping the driving/resting position safe, the floor picking acquires some more
volume than required, making it bigger than expected. Also in the driving position, the
total length was desired to be shorter.
On top of that, to work the mechanism needs to have synchronism between the two
supports/legs, which should be assured with a gear in contact with the legs. This implies
machining the legs, which have a curvature. The costs of that kind of operation would be
too much to assume.
A way to assure synchronism without having to machine a curved surface would be
to distribute small straight toothed walls fixed along the curved leg. The negative point
would be the number of ’walls’ needed and the fact that at some teeth of the gear would be
giving more power than in others. This is so because the angle would be different, and to
ensure a correct behaviour a minimum force should be ensured in the most compromised
angles, meaning that in the best ones the force transmitted would be higher than needed
increasing maintenance costs. This is a relatively small problem since the robot should
only use the floor-picking position for emergency situations, and as the name describes,
they do not happen too often. Another possible concern is the interaction of the belts with
other mechanisms. To avoid that, if the space is sufficient, they could be placed under the
base.
4.4.2 Folding supports base
This idea needs two bars in each support connected to each other by one end point. One
of them is connected to the base be the other end point, allowing rotation on the plane
parallel to the base. While this bar rotates the other bar does the same movement, but
twice as fast. This can be easily done with a correct gear ratio. After a 90 degrees rota-
tion of the first bar, the second one has rotated 180 degrees and the final configuration is
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suitable for floor-picking.
In figure 4.4 the initial and ending positions are described. This idea was originally from
my supervisor Ralf Simon King and designed in CAD by Rick Brons. The rest of the
calculations where done together.
(a) Folding base diving
position
(b) Folding base floor-picking position
Figure 4.4: Folding base movement explanation
One parameter to take into account is the separation between legs, since this separa-
tion, among other parameters, has a big impact on the clearance between the bars when
they open. To choose the correct lengths the clearance equation has been developed:
Clearance = sin(α)× 700y − sin(2α)× 700 + x (4.1)
Where: x = distance between the hitch point of the grey bar and the end of the base,
y= half of the base width,
700 is the distance of the bars,
and alpha is the angle that the silver legs makes with the vertical direction. See figure
4.5. As in the past concept, it is a concern the position of the belts, but it can be solved
using the same principle.
Figure 4.5: Explanation of distances
It is then seen that the minimum distances are the following:
• x = 200mm
• y = 114mm
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Figure 4.6: Graphic of clearance for x=200 and y=114
Then varying α graph 4.6 is obtained.
The simplicity, motion and volume of this mechanism in every position where convinc-
ing enough as to choose this concept as the base final concept.
4.5 Arm model
Now several models for the arm will be presented and explained in detail, they will be
however discarded. It is written in the thesis because it may be considered of interest for
certain readers. For those not among this group, this section can be skipped and continue
in 4.6.
When designing the arms for the Rotational-translational concept it was tried to over-
come the limitations it has in terms of floor picking. Since it is impossible to have the arm
very close to the ground, due to more than probable base requirements, and still being
able to tilt and turn, it was considered an option to use an angled shape for the arm. This
would help to reach all the floor positions while keeping the non-floor possibilities intact,
never-the-less it requires a more complex design.
Two designs have been implemented on that regard. Both equally valid in terms of
position reaching. Those mentioned designs have been given the following names:
• Fixed forearm
• Mobile forearm
since both are angled and the biggest difference between them is in fact the capacity
or not of displacing the part closest to the bar. In the figure it can be appreciated how
both concepts reach all the wanted points. In figure 4.7 the possible configurations can be
seen.
4.5.1 Fixed forearm
First the Fixed forearm will be explored. This first approach design uses simplified mech-
anisms since its solely purpose is to offer some deeper knowledge and based on that decide
what is the best option.
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(a) Fixed forearm
(b) Mobile forearm
Figure 4.7: Sketches of the Angled arms position reaching
This design uses only one linear actuator (on each arm) which will push a bar that on
both endpoints has a gear or pulley attached. A chain will be rolling around those gears
having a fixed point near the starting position of the gear opposite to the actuator. This
way the opposite part of the belt rolling with the gear will have the double of the velocity
of the actuator movement, which means that when the stroke is covered, if something was
attached to the chain it will have been moved twice the distance as the actuator’s stroke.
In this case what must be attached to the chain is the bar (or its holder) that will support
the hammock. To do that the following pieces have been included in this assembly. The
program used to do this design as to do well as every other CAD design in this thesis is
Solidworks. In figure 4.8a the design of this arm can be seen.
The main pieces used for this where the following:
• Linak36 linear Actuator: this actuator with about 400 mm stroke is the chosen
one to impulse the bar that connects the gears
• External cover: cover which will allocate all the movement mechanism. It needs
to be resistant since it will take the loads caused by the patient and the motion and
must successfully translate it to the base.
• Connecting bar: bar with a curved shape in order to accomplish the movement
with the angled shape of the pillar. This bar connects both gears keeping them at
a constant distance. to slide along the cavity it also has some wheels connected at
the same point as the gear. In figure 4.8b it can be better appreciated.
• Bar Slider: Slider which will slide along the superior face of the External cover and
will be connected to the chain. It will also hold the bar of the hammock.
It is also important to mention that due to the amount of time required the chains or belts
have not been designed since they would not be movable.
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(a) Angled arm with Fixed Forearm design
(b) Detail of the curved connecting bar
Figure 4.8: Fixed forearm design
4.5.2 Mobile forearm
It is now turn to look deeper at the mobile forearm design. As mentioned for the fixed
forearm, it is only a simplified design what is now of interest.
With this design what was intended was to overcome the possible difficulties that could
appear with the curved bar and the fact that the bar slider of the previous design had to
go through a curvature and that is not desired and could compromise the stability.
To achieve all the positions here, two actuators instead of one will be necessary, and
one of them should be small, which means that most likely it would be a rotary actuator
with a gearbox. For a schematic drawing see figure 4.9. In this figure the forearm is the
red thin line, and the bar slider, yellow part, is able to slide along that bar. At the same
time the red bar can slide along the black one, and this is why the forearm is mobile.
The black bar is attached to the rest of the robot on the grey circle and this joint allows
rotation.
Figure 4.9: Schematic drawing of the Mobile forearm concept
The way to actuate the bar slider has been thought as a roller screw. As for the
movement of the forearm, again a linear actuator is the chosen solution. Here the most
important components of this configuration:
• Linak36: Linear actuator used to actuate the forearm, the stroke is around 250 mm
in this case
• Rotary actuator: as mentioned due to lack of space a small one would be needed
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• Roller Screw: to achieve the linear movement of the bar slider starting with a
rotary actuator, a roller screw is necessary
• Bar slider: sliding part which interacts with the screw and holds the hammock bar
• Arm and Forearm external covers: parts giving the cavity and resistance to the
whole arm design. The materials must be resistant enough as to hold the patients
weight without bending but at the same time be light to avoid charging more weight
on the actuators.
Further details of the system can be appreciated in figure 4.10.
Figure 4.10: Primary design of the mobile forearm concept
4.5.3 Angled arm decision
In spite of all the efforts it was agreed to drop the angled arm designed idea because of
several factors. To begin with, since the floor picking situation is an emergency one, it
would not make sense to loose any time trying to adjust the lifter for the patients comfort.
In second place, the benefits of using an angled design did not overcome the difficulties
and problems that were appearing. In third place, the rigidity was also a concern. It was
not likely that this new design would improve the mechanical properties of the original
ELEVON.
A new concept is necessary; compact, simple and more robust.
4.6 Arm-pillar
As said in the past section, a new concept which was robust enough is necessary. Also a
new lifting mechanism had to be thought. For the linear movement makes sense to use
a linear actuator, the problem is the retracted length of those artefacts. In table 4.1 the
retracted length of different kinds of linear actuators can be observed. To understand
other distances and parameters see figure 4.11.
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Table 4.1: Comparison of different actuator models separated by producer
Company Model Max dy-
namic load
push (N)
Max dy-
namic load
pull (N)
A
(mm)
B
(mm)
Stroke
(mm)
Retracted
length
(mm)
C
(mm)
Industrial
devices (GB)
LTD
IDM 8A Series 2500 2500 150 610 820 161
LZ60s 4000 4000 82 76,5 600 956 -
LZ60p 4000 4000 147 84 600 783,5 192,5
Thomson
Linear
PPA-AC 6672,33 6672,33 155 600-900 906,8-
1186,1
electrak 5 2500 2500 155 870 300
PPA-DC 6672-13343 6672-13344 149 600-900 900-1211 152,4
LINAK
Desklin Built-in
DB4
1000 1000 86 50 675 542 -
LA37 10000 10000 148 76 700 1000 229
Figure 4.11: Distance explanation figure related to table 4.1
Knowing this, it comes as a fact that certain mechanisms must be developed in order
to obtain the real stroke which is needed to cover the workspace. Remember that the low-
est position is around 30-40 cm from the floor, and the highest 140 cm, so the necessary
stroke is around 1000 mm. Needles to say, finding an actuator of such characteristics is
almost impossible.
The solution that is implemented consists on a simple mechanism using chains or belts,
gears, a connecting bar and the actuator itself. The montage would be as follows: the top
part of the actuator is fixed to a gear and at a certain chosen distance under the starting
position of the actuator piston another gear must be placed. Connecting both gears there
must be a chain. In this case the chain has a particularity and this is that it is fixed at
one point near the lower gear. This means that when the actuator moves up, the gears
will move along since they are fixed and they will rotate. One of the radial points will be
acting as an Instant Centre, while the opposite radial point will be moving at a double
speed as the centre point, which is moving at the actuators speed. If we connect a load
at a point near the lower gear but the opposite side as the fixed one, at the end of the
actuators stroke, the load will have displaced itself twice the distance. This of course also
means that the actuator will have to provide twice the power as it would with the simple
movement. To clarify the explanation a schematic drawing is given, see 4.12.
These mechanism needs a structure to surround it and distribute the loads that are
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Figure 4.12: Schematic drawing of the actuation-gears mechanism
not in the direction of the actuator. To avoid having always. at least a 1,4 m height pillar
on the robot, it is strongly advantageous finding a retractable mechanism. This is when
the retractable pillar concept flourishes.
This is a widely used concept for lifting, the best known application might be in desk-
tables. However it is also used in medicine, in many machines like in the dentists or oculist
consults. In figure 4.13 a pillar from the SKF company is shown.
Figure 4.13: Example of retractable pillar, source [40]
Before considering the use of a retractable pillar as a serious option, it has to be seen
if it can resist the expected loadings. Normally this information could be given by the
vendor, but it did not appear in the catalogues and the answers from the contact services
were vague or imprecise.
To solve this situation it was decided to take a design of a suitable pillar from the site
of one of the vendors, concretely SKF and run a fast Finite Element Analysis (FEA) on
that pillar. If the results are satisfying the idea will be further considered.
Before doing such an analysis it must be considered where are the mechanisms going
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to be placed. It is a serious option to fit them inside of the pillar, but then to slide the
hammock bar from the lowest to the highest position a cut should be made at the wall of
the pillar. Then the pillar must be cut and before performing the structural analysis in a
computer, in order to simulate the worst case situation. It would be interesting to obtain
an estimative comparison to understand the differences between a bigger cut pillar, which
would have space for the mechanisms inside, and an smaller but uncut pillar. This matter
will be taken care of in the next subsection.
4.6.1 Material resistance: Comparison of sections and areas
In this point it will be discussed which kind of pillar section is more convenient in terms
of stress worst casing. The main objective is to find out what is more resistant (and if
any is resistant enough), having a small complete pillar, or a bigger one but with a cut. A
secondary objective is better understand the tension distribution and see if theoretically
the sections can hold the loads.
To answer this question the theory of material resistance will be used. To begin with,
the loading case is needed. My co-worker Rick Brons did a simulation of a three solid
model splitting the body weight in several parts following the body segments length and
weight seen in pages 7 and 9. The results of the simulation, which leads to the loading
situation can be seen in table 4.2. To those loads, a 1,3 γse has already been applied.
Table 4.2: Applied loads
Axis Applied
forces (N)
Appiled mo-
ments(Nm)
X -1418 -436
Y 0 -421
Z -1135 -496
Once defined the loads, next step is to find the inertia of the two different sections.
Although small differences, the uncut section will be treated as a rectangular hollow shape.
This is an advantage because the inertia of this kind of sections is already parametrized
and calculated because of its extensive use. The cut section will be treated as a hollow
rectangular shape where a part is missing, for this reason the inertia of this part will have
to be calculated by hand. See figure 4.14.
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(a) Uncut (b) Cut
Figure 4.14: Section dimensions
It is also important to see how the loads would be placed in the axis of the section,
since they are different than the ones in the table. See figure 4.15a.
(a) Foces in section
(b) Moments in section
Figure 4.15: Loading situation in real axis section
The inertia of a section follows the formula stated in 4.2
Ix =
∑
Ixi +
∑
Ai × dy2i (4.2)
for which we need to obtain the centre of gravity y¯. 4.3
y¯ =
∑
Aiyi∑
A
(4.3)
Then applying this to the cut section:
y¯ =
o
2(2a+ b− o) (4.4)
Iz =
ae3
12
+
e(b− 2e)3
12
2 +
(a− o)e3
12
+
ae
2
(b− o
2a+ b− o − e)...
− (a− o)e( b
2
+
o
2(2a+ b− o) −
e
2
− be o
2a+ b− o (4.5)
Iy = 2
be3
12
+
e(a− 2e)3
12
2 +
e(a− o− 2e)3
12
(4.6)
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While the results from the uncut section are:
y¯ = 0 (4.7)
Iz = 2
ae3
12
+ 2
e(b− 2e)3
12
(4.8)
Iy6 = 2
(b− 2e)e3
12
+ 2
e(a)3
12
(4.9)
If the only thing wanted would be to know what difference is there between two cases,
only with the area and inertia it could be obtained by running calculations varying the
parameters from the equations. However it is also important to determine if the sections
will hold and understand the tension distribution, which can be later compared to the
computed results. Analysing the loading situation it can be appreciated that it will be a
complex calculation to obtain the results.
Stresses expected:
• Normal stress
• Bending moment in two axes
• Shear stress
• Torsion moment
Normal stress
It is the stress caused by a force existing in the normal direction to the section. It is
calculated through equation 4.10
σx =
Nx
A
(4.10)
Bending moment
Since in this case there exists bending moments in two axes and normal stress, what is
needed to calculate is the combined bending which is calculated like 4.11:
σx =
Nx
A
− Mz
Iz
z +
My
Iy
y (4.11)
Shear stress
Since there is a shear force, that stress must be calculated as well. It is rather difficult
compared to the others, since the equations can only be simplified in certain occasions,
like the circular section cases. It is however disregarded due to the very small results of
the calculation done using the formula for a non hollow area. The results are around 40
times smaller than the ones of the combined stress.
Torsion moment
This is the load which will generate the shear stress in this section and it will be most
likely be the most problematic load. To calculate it the formula 4.12 is used.
τ =
3Mx
be2
z (4.12)
It is now time to combine the σx and the τ . There are several methods to do that,
von Misses is the most widely used. However first it should be analysed the aspect of
the stresses. It is known that when the shear stress is maximum, the normal stress is the
minimum and vice-versa, however when the shear stress is a caused by a torsional moment,
the highest stress will be at the extreme points. Then it would make sense to use the von
Misses equation 4.13 to find out which is the highest equivalent stress in the maximum
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point of yz of the section, but it is soon realized that the contribution of the σx is very
small and can be disregarded. Then the biggest equivalent stress will be in the middle
point of the shortest side see figure 4.16a. To see the situation of the bending stress see
figure 4.16b.
σequivalent =
√
σ2x + 3τ
2
xy (4.13)
(a) Bending stress
(b) Shear stress
Figure 4.16: Stress theoretical situation
Now the only thing left to do is to fill a worksheet with parameters and the loading
situation and get the results: those can be seen in figure 4.17. On both graphics is
described the evolution of the inertias and the maximum equivalent stress. Only minor
differences are encountered between them. Therefore, it is safe to assume that a pillar
with the cut or without it is equally resistant. The cut dimension has been maintained
constant and equal to 60 mm. The rest of the dimensions (b and e) have been varied
proportionally to a. At the beginning of the equivalent stress curve takes a different slope,
that is because at those points the parameter e has been maintained at 11, because it is
the smallest pillar width available. The main conclusion that can be obtained is that for
any a an ab ratio of 1,2 it is safe to take this loading if the material for the pillars is steel
or aluminium.
(a) Graphic of the cut section (b) Graphic of the uncut section
Figure 4.17: Stress theoretical situation
Since it has been implemented in excel, it is easy to change parameters and it would
also be interesting to see the behaviour of a square section, although the aspect of figure
4.14, the sections so far where always rectangles. The differences expected will most likely
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be small, but it is not very time-consuming to calculate. See results in figure 4.18. it is
observed there that although the differences are not big, the rectangular section is more
resistant for the same amount of area. A bigger range has been used here, but the slope
and points are very similar. The sides should be about 147 mm and e 17 mm to be on the
safe side with aluminium.
(a) Cut section graphic (b) Uncut section graphic
Figure 4.18: Stress and inertia evolution of the square section
4.6.2 Structural analysis of the pillar
First of all the loading situation must be defined, it will be exactly the same used in the
last analysis point, see 4.2.
Once having acquired all the forces and moment that would be transmitted to the
pillar, its time to prepare the mechanical model. To begin with, it must be said that
the used program is Ansys Workbench 14.5 educational version. This version has serious
limitations in terms of number of nodes, putting the limit at 32k. For this reason it has
been tried to simplify the geometry. Since it was not enough to get an acceptable mesh,
symmetry was applied to the pillar, saving then half of its volume and even with the node
limitation being able to have accurate results derived of a good mesh. The mentioned
symmetry can be observed in figure 4.19, while the mesh can be seen in 4.20.
Figure 4.19: Aspect of the pillar after the applied symmetry
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Figure 4.20: Symmetry of pillar
The mesh dependency is a big concern in many kind of finite element analysis, in me-
chanical simulations it has been observed in cursed subjects, that the difference between a
coarse mesh and a more properly refined and mapped one, led to a 40% absolute difference
between results. For this reason it is vital to have a fine quality mesh. Now that the mesh
is already done with acceptable quality, it is time to define the loading situation.
The worst casing situation in the considered case is when the biggest torsional moment
appears. In that case, the forces and moments on the pillar are the ones described in table
4.2. To simplify the analysis All the loading has been applied at the same point of the top
cover of the pillar, see 4.21. It has been seen that many companies design their pillars as
to be used ’upside down’, meaning that the smallest base would be the one fixed to the
reference. It is not the case of SKF, whose pillar design is the one simulated, but using it
on that manner could be advantageous in some situations. For this reason and given that
since the base would be smaller and suffering more, it has been considered having it on
this configuration as a worst case, thus it will be the simulated one.
Figure 4.21: Loading situation
Now it is time to simulate and observe the results. In figure 4.22 all the graphic results
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can be seen. With 4.22a and 4.22b we see that the structure is resistant, however the
maximum stress concentration are not where they would be expected to be (lower stage,
close to te fixed support). It is then discovered that there is some singularity in a small
piece that covers the upper stage. This is obviously an anomaly and it should not be
considered as the highest stress. For this reason, this piece was disregarded and kept on
with the analysis. In figure 4.22d, 4.22e, 4.22f and 4.22g the results have been considered
individually, without taking the other pieces into account. It can be observed that the
most compromised point is precisely where the loads were applied. This is logical, and
coherent in the analysis, but in the real case it will probably be very different because
the loads will be applied in a different manner, so it is an interesting value, but what we
want to be sure of is if the structure will hold. Looking at the other graphics it is seen
that in the connections between stages there is no problem and that the highest stress is
to be found as thought close to the base. However the safety factor there is over 2, and
actually where the loads were applied, which is a ’fake’ situation and the real one will
most likely be better distributed, it is above 1,5. With this it can be concluded that in
safety concerns, it is agreeable to use pillars and they can be further investigated.
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(a) Entire assembly equivalent stress (b) Safety factor of the assembly
(c) Piece with the highest stress (d) Lower stage equivalent stress
(e) Safety margin of the lower stage (f) Von Misses Stress of the top column
(g) Safety margin of the upper stage
Figure 4.22: Simulation results
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4.7 Arm-pillar investigation
The first intention was to use a telescopic pillar with an already built-in actuator. To meet
another of the requirements, the compact view, it is not desired to have many components
on the outside part of the pillar, so it is preferred to construct all the mechanisms inside
of the pillar.
Many companies offer empty telescopic pillars, to be actuated through owners choice,
however they are relatively small and not suitable for the projects purposes. The main
problem is again the actuator, due to its big dimensions, if desired to keep all of it inside
of the pillar, the pillar will also have to grow in dimension. This is, on the other hand, an
advantage in terms of robustness. For the bar to slide up and down, the pillar needs to
be partially cut along the vertical direction. It was thought to place the pillar inside and
cut a hole so that part of it can be outside of it, but for safety reasons it is not desired to
cut the pillar more than already necessary. Therefore it is decided to take a bigger pillar
which inside can fit the actuator.
Designs have been tried with several pillars, but finally the chosen one was from the
SKF company, CPI line. For details see A.1. Although the pillar is not supposed to be
empty it was agreed to use this one as a model and ask to the company if it was possible
to obtain this pillar empty. In case it was not possible, building it as part of the project
would be the best option.
This decision was also based on the resistant data given by the vendor in the cata-
logues, where it can be found the resistance against moments (although only in one of
the directions), and the force loading which can be applied. About moments in other
directions, the concern was specially focused on torsional moments for this exact kind of
pillar, no information could be found, even after contacting the vendor. Therefore a finite
element analysis will have to be conducted in next chapters.
One last thing that had to be decided before the design, was the number of stages of
the pillar. To add resistance, some producers offer multiple stage pillars, which combined
achieve the same length but reinforces the structure making it able to withstand bigger
moments and loads. At first it would seem logical to choose a three stage pillar before a
two stage one, but having three stages does have its disadvantages as well. The first one is
that more material ought to be cut for our purposes, and that can develop into unexpected
behaviour of the structure (difficult to simulate). It must not be forgotten that one of the
stages would have to be cut almost completely in a vertical way.
The second and most important one is the space. The vendors offer three stages
by reducing the size the inner pillar parts and not by enlarging the rest. This means
that it reduces the inner free space, whose limiting factor is the actuator. Solving this
dilemma, the decision is to go for two stage pillars and test their resistance. If the result
is not satisfying, three stage pillars will be further investigated. To understand better the
differences between the two and three stage pillars take a look at figure 4.23a.
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(a) Three stage
pillar fully ex-
tended with the
lower stages made
transparent
(b) Three stage pillar re-
tracted with the lower
levels made trasparent
(c) Two stage pillar ex-
tended with the lower
stage made trasparent
(d) Two stage pillar re-
tracted with the lower
stage made transparent
Figure 4.23: Two and three stage pillars in extended and retracted form
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Chapter 5
Design phase
The arm and legs concepts of the robot have already been decided, and now its time to
design. My part in the project will from now on be centred on the pillars and arms design
and its resistant calculations through FEA. As it has already been mentioned, all the
CAD design is done with the Solidworks student version available in Section 320 of IPA
Fraunhofer gesellschaft.
5.1 Mechanism
To be able to reach every necessary point from the desired workspace, the mechanism
which will be used has already been described in the past chapter, concretely at the point
4.6. Since the structure will be a pillar, a slider that moves along that, carrying the
hammock bar will have to be designed. This slider will be the one making a difference
between the two possibilities that are now on the table:
• Inside sliding case: everything on the mechanism as well as the slider will be
found inside of the pillar
• Outside sliding case: all parts of the mechanism will be inside the pillar except
the slider itself
In both situation there are advantages and disadvantages, soon it will be analysed and
reported, but first it is wanted to define the pieces of the inside mechanism, at least those
which are important and common in both cases.
5.1.1 Parts
Before describing each part, one of the most important components should be chosen.
That component is the actuator. After intense research, four actuators have been found
as the better suitable for the pillar.
• LZ60S from Industrial devices (GB) LTD,figure 5.1a, with its 4000 N of force it
has enough power to lift the patient even in the most compromised angles. Also its
600 mm stroke should suffice for the fixed goal. What is more advantageous of this
actuator are its reduced dimensions and a slightly shorter retracted length position.
• LZ60P form Industrial devices (GB) LTD, figure 5.1b. This one is from the same
company and series and it can provide the same amount of force adn stroke. The
difference is that this one is extremely thin, meaning that a way smaller pillar can be
used. This would translate as really good news, since the space on the base begins
to grow reduced. This would also mean it could be fitted in a Three stage pillar
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(a) Image of LZ60P actuator
(b) Image of LZ60S actuator
(c) Image of LA36 actuator
Figure 5.1: Linear actuator options
Figure 5.2: Three stage pillar using L60S
if the used slider is the outside sliding case as seen in figure 5.2. Nevertheless this
comes with a big disadvantage, and this is that the retracted length is way larger
than in the past case.
• LA36 and LA37 from LINAK. Figure 5.1c. These actuators are the ones used in
the existing prototype of ELEVON. Those are very powerful actuators, 10000 N,
however their dimensions are bigger in every direction and retracted length, except
the retracted length from the L60P, as the L60 series from Industrial devices (GB)
LTD. The range of these actuators can reach till 1000 mm, but here between 600-700
mm strokes have been used.
Given the strokes and retracted lengths of both, pillars and actuators, the limiting
factors must be identified, because since they are not equally designed, the retracted
lengths are different and the strokes were chosen similar, normally the actuator is going
to keep the pillar from reaching its lowest position and the pillar will keep the actuator
to reach its highest one. To better observe this and make the correct decision, table 5.1
has been prepared. It shows important data which must be taken into account. To better
understand the positions described in the table see figure 5.3.
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Table 5.1: Pillar-actuator combination strokes
Motor Retracted
length
(mm)
Slider posi-
tion
Lowest posi-
tion (mm)
Highest
position
(mm)
Stroke
(mm)
LZ60S 1034 Inside 470 1478 1008
LZ60P 862,5 Inside 280 1286 1006
LZ60S 1022 Inside (small
pillar)
335 1400 1065
LZ60P 879 Outside 145,56 1314 1168,44
LA36 939 Inside 353 1366,96 1013,96
LA37 943 Outside 313 1373 1060
Figure 5.3: Explanation of table 5.1 distances
Once discussed all the possibilities, the final decision is to use the LZ60P. The stroke
is sufficient, and although it would be preferable to have a smaller pillar, the retracted
lengths and lowest positions of the LZ60S are unacceptable, since as other engineers from
the group report, the base height is already above 10 cm. Concerning the LINAK actua-
tors, they do not seem to offer any advantage to L60P other than more strength or longer
stroke, and neither of them are for now needed. If the design or length of the pillars would
change, then it should be reconsidered.
Once the actuator has been chosen, the rest of the parts must be defined as well.
Belts and pulleys: these are very important items, they must hold indirectly great
part the weight derived from the patient loading situation. The belt will be subject to
the slider. Due to the availability of space and the intention to place the actuator in a
central situation, permits to install two belts with its corresponding pulleys instead of just
one. This will help to the better stability and distribution of loading while making the
entire mechanism more safe. The reasons why belts and pulleys have been chosen instead
of chains are simple: they are equally resistant even with an only small increase of the
width, they can be as well synchronized, the noise level is much lower and the price is
much more economical.
At tables 5.2a and 5.2b some details of the belt and pulley. To calculate the resistance
of the pulley the guidelines from the gates company have been used. See B.1. It is then
calculated like 5.1, the belts are smaller than half inch, therefore a 10% of the resistance
must be taken off. Since the number of belts used are 2, the load that can be carried is
doubled. The minimal resistance belt has been used to calculate this and it is obtained
that it can hold the worst casing load almost three times. The used belt will be even more
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safe, since it uses steel as reinforcement. To see all the details of the belt-pulley calculation
see appendix B.1.
0, 4in× Load× 0, 9 = 1601, 28N (5.1)
Total = 1061, 28× 2 = 3202, 56N
(a) Details of belt
Pulley
Number of Teeth 30
Teeth style AT5mm
Flange diameter 51
(b) Details of pulley
Belt
Width 10
Teeth 300
Material Urethane
Reinforcement Steel
Table 5.2: Details of pulley and belt
Figure 5.4: Chosen pulley for the mechanism
Another important piece will be a way to hold the pulleys on their place and in a
constant distance. A bar connecting the two pairs of pulleys would have to be fixed at
the top of the actuator and somehow assure that the other end stays always at the same
distance and keeping the same orientation. This bar could be called connecting bar. It
is true that the connecting bar may vary between the sliding case, or even disappear. It
would happen if the chosen one is the inside sliding case, since they could be fixed to any
part of the insider section of the pillar and the distances would be kept.
Although easy, equally important is a way to fix a targeted spot of the two belts.
The last and most challenging part is the slider. As mentioned in the beginning of this
point, two sliding cases will be studied. Due to all the complexity involving this piece and
the numerous designs done, it will be treated in a special section.
5.2 Sliding case
It is already known that the belts will be screwed at some points of the slider to pull it
up and down or just holding it in place, however it is not enough to ensure the correct
orientation and stability of the slider, and as a consequence of the patient. For this reason
and using the pillars wall as guide, different contact situations or guidance settings have
to be thought of and simulated.
For safety and space reasons it has already been decided to use a CPI series from
SKF to do the designs. The dimensions of this pillar are rather big, but it is the smallest
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(a) Outside Sliding case in the
highest position
(b) Outside sliding case in the
lowest position
Figure 5.5: Outside sliding case in the lowest position
one where the actuator would fit inside. The dimensions of the base of the pillar are
185× 217mm.
5.2.1 Outside sliding case
In this case the slider will be outside, which means that the pillar will be ’upside down’
and the smaller stage of the pillar will be the fixed one touching the ground, the ’normal’
configuration would not work in this case.
Having the slider outside leaves a lot of space in the inside, which can be given some
appliance, for instance reinforce the structure if that was necessary. Although there are
other possibilities, for these first designs the guiding method used are rail-guides. See figure
5.6a. As using more than one rail-guide was thought a good idea to better distribute the
loading around the pillar, but later on it was discovered that it can lead to blocking of
the system, its preferable to use only one and in the other directions use another kind of
contact. However this first design and the posterior structural simulation will be still done
with three rail-guides. This is also the case for the inside pillar. What has been thought
of here is that flat cage needle rollers on certain positions of the slider would take some
load, permitting the rail-guides to be smaller and less resistant. 5.6b.
As it can be appreciated in figure 5.5, the slider wraps around the pillar, being subject
to the guide-rails movable part and making contact through the needle rollers. For a more
detailed view of the slider see 5.7.
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(a) Rail-guides used for this design [20]
(b) Flat Cage Needle Rollers [34]
Figure 5.6: Guiding systems used in this design
Figure 5.7: Detail of the outside slider first design
5.2.2 Inside sliding case
For the inside case the shape of the slider will adapt to the shape of the interior column,
and of course also to the pieces placed inside for the mechanism, for instance the rail-
guides. Now the pillar will be in the ’normal’ orientation, meaning that the bigger base
(the bigger column) will be the one in contact with the ground.
Altough this configuration might be challenging in terms of space, truth is that thanks
to the dimension of the pillar it can be perfectly fit inside. The aspect of the robot would
also be positively affected by this choice.
On the structural aspect it is uncertain what effects will it lead to. At first sight it
does seem less safe than the outside sliding case, due to the reduction of available contact
points or at least its total area, which will lead to a higher concentration of loads at some
points.
Imagining all these complex designs and assemblies is not easy, therefore several figures
can help better understand the situation. Figure 5.8a shows an upper view of the pillar
without the superior cover, so the interior can be perfectly seen. Actuator, pulleys, belt
fixing points, rail-guides and slider. In figure 5.8b an outside view of the inside sliding pil-
lar can be seen in its retracted state, and finally in figure 5.8c we see it in its extended state.
In order to correctly compare between concepts and to test if the pillar will hold with
a more accurate distribution than in point 4.6.2, a new FEA will be conducted.
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(a) Inside Sliding case top view
(b) Inside Sliding case
retracted position (c) Inside Sliding case
Extended position
Figure 5.8: Inside sliding case figures
Now, as mentioned, it is time to analyse the structure.
5.3 Finite Element Analysis of Pillar Resistance
5.3.1 General introduction
It was intended to analyze the entire structure all at once, but due to the constant li-
censing problems (the student version I possess allows the use of merely 32K nodes) and
some complex contact singularities it was decided to analyze the assembly piece by piece
simulating its contacts with boundary conditions and extracting reaction forces out of
those to be applied as loads at the next piece analysis. The chosen loads are the ones
considered in the worst possible case. That means taking the highest twisting torque. It
happens with the fully extended arm and holding the minimal considered height patient,
but at the same time being the heaviest possible (154 kg). The program used to perform
this analysis is Ansys Workench.
5.3.2 Outside Slider case
The first case studied will be the one where the slider which holds the bar is sliding outside
the pillar through rails subject at the outer walls of it. Mechanically speaking, this case
study might seem (before seeing any results) a more rigid structure, due to the bigger
surface which permits a better load distribution along the pillar. On the practical side,
this configuration simplifies the interior setup of the pillar, by leaving a lot of free space
inside.
Modelling of slider
The first piece to be analyzed will be the slider itself, analyzing the bar alone would only
be a waste of time, since it is linear and made of an isotropic material, so the reaction
forces and moments against the slider can be easily found. Figure 5.9 shows the meshed
piece. It must be mentioned that the real piece is different, but to do the FEM analysis
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it has been simplified in order to reduce the number of nodes necessary as well as the
computing required time.
Figure 5.9: Picture of the complete mesh of the outside slider
As appreciated in Figure 5.9 the mesh used contains mainly mapped hexahedral ele-
ments. The details of such mesh can be revised in Figure 5.10. It can be seen that the
skewness proves that this mesh is very good and if there are no other errors, the results
will be reliable.
Figure 5.10: Details of mesh for Outside slider
After the mesh is done, comes the loading part. The loads coming from the bar where
previously calculated, then the challenge here was to simulate the contacts with the pillar
and the sliding bars. It is thought that the contacts of the slider directly with the pillars
would be cylindrical bearings. Bearings because then they do not introduce some extra
friction or resistance to the movement and they use to be made of hardened steel, which
depending on the results might be needed. The preferred shape is cylindrical, rather than
spherical, so that the pressure can be distributed along a line on the pillar (which is made
of aluminum alloy) instead of separated points, increasing the pressure on each of them
and therefore damaging the surface of the pillar.
To simulate those bearing contacts, some surfaces have been extruded from the plane
Chapter 5 Serni Solans Sala 63
Mechanical design of a person lifter
surface and a frictionless boundary condition has been applied on them. This kind of
geometry has been chosen in order to spare nodes, since round edges always require a finer
mesh. The final loading is shown in Figure 5.11.
Figure 5.11: Loading case
Results of the slider
After running the model, the results are obtained. In figure5.12 the Von Misses stress and
the safety factor can be seen.
The chosen material was aluminium. It is always good to see that the piece is resistant
enough and is not likely to fail, and interesting to allocate where are the most demanding
zones, but what is really needed here are the reaction forces and moments that this piece
will transmit to the slider and through that to the pillar. In Figure 5.13a is shown the
output of the reaction force in one of the fixed supports. The rest of the reaction forces
and moments will be written in a tables. In Figure 5.13 the correct axis in which directions
the forces of the tables are expressed can be observed. The applied loads are described
(a) Equivalent stress (b) Safety factor
Figure 5.12: Slider results
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(a) Reaction force in fixed support 1
(b) Outside slider in the correct axis
Figure 5.13: Slider results and correct Axis
Table 5.3: Applied loads
Axis Applied
forces (N)
Appiled mo-
ments(Nm)
X -1418 -436
Y 0 -421
Z -1135 -496
in 5.3, the reactions in the guide-rail-contacts is written in 5.4 while table 5.5 shows the
reactions on the contact points, which since are supposed to be some kind of needle rollers
only can react on the normal direction.
Table 5.4: Reactions on fixed support
Axis Reaction forces (N) Reacion moments(Nm)
Fixed Suport 1
X -964,71 0
Y 13,7 220,67
Z 2452,4 0
Fixed Suport 2
X 0 0
Y 0 0
Z 22,36 0
Fixed Suport 3
X 1316,7 19,414
Y 7,31 -88
Z -1339,5 2,57
Table 5.5: Contact point reactions
Contact
points
Reactions(N)
1 12,46
2 0
3 -5
4 1065,3
The reactions of table 5.4 and table 5.5 will be now used as the loading case for the
pillar.
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Modelling of the pillar
For the pillar analysis again, a simplified geometry has been designed to avoid meshing
issues. Even with all the efforts the mesh quality cannot match the one of the slider.
Nevertheless, with an average skewness of 0,75 the mesh is still acceptable. See figure
5.14.
Figure 5.14: Mesh of the Oustide Sliding case pillar
To simulate the contacts, the surface of the external wall of the pillar has been split
into different parts. First a long surface to act as the rail guides and then smaller contacts
on the superior part to be as bearings. In figure 5.15 those contacts can be seen.
On the other hand, the base has been supported by fixing the screw holes and adding
a frictionless support type to the plane face of the lower piece. See figure 5.16.
Results of the pillar
After running the analysis with the mentioned conditions it is seen that the pillar is able
to safely hold the loading situation and that the contact region with the two stages of the
(a) Flat bearing simulating contacts (b) Rail contact simulation
Figure 5.15: Pillar contact definitions
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(a) Frictionless support on the base of the
pillar
(b) Fixed support on the screws of the pillar
Figure 5.16: fig:Pillar lower face contacts
pillar stands far from being the most compromised part. The highest equivalent stress can
be found on the fixed screw supports. Figure 5.17 shows the obtained results.
(a) Von misses stress of the rail-guide
contacts
(b) Global pillar von misses stress
(c) Contact region between columns
stress details
(d) Contact faces area stress detail
Figure 5.17: fig:Pillar lower face contacts
As mentioned before, this loading situation in this case does not represent a threat
to the structure and the safety factor is high. Now it is time to check if the results are
equally encouraging for the inside sliding situation.
Chapter 5 Serni Solans Sala 67
Mechanical design of a person lifter
5.3.3 Inside Slider Case
Now it is time to take a look into the inside sliding situation. This situation is very similar
to the outside one, turning upside down the pillar, and having all the sliding mechanisms
inside. Mechanically speaking this might provide more stability from the base (now the
base is bigger than the top part). On the other hand having all the mechanisms and
components inside means that they should be smaller and therefore less resistant. This
configuration also has the advantage to provide a nicer look than the outside case.
Modelling of the slider
The procedure is very similar from the one of the outside case, so many of the explanations
that have been given before will be skipped now. For instance the used loads will not be
shown now, since its the same loading situation as in the outside slider. To see the mesh
and loading situation refer to Figure 5.19 and Figure 18. The mesh quality was also very
good in this situation as the skewness metrics proof in Figure 5.18.
Figure 5.18: Slider mesh quality
Figure 5.19: Mesh of the inside slider
Given those loads and the mesh quality the results will be accurate. Our objective is
to get the reaction forces to introduce them to the pillar in a later analysis. The chosen
material for this piece is aluminum.
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Figure 5.20: Inside Slider loading
Results of the slider
With the following figures it can be seen that with this exact design the piece would not
hold. However it must be said that the failure points happen to be in the extruded surface
to simulate the bearing contact, which means that it would be different in the real case.
Also this piece can be way more resistant by adding some height (currently 4cm) and
using not such a sharp edges.
In any case, as mentioned before the objective of this study was to determine the right
loads to transfer to the pillar and those are detailed in Table 5.6 and Table 5.7. In this
case the reaction forces and moments are in the same axis as the ansys simulation.
The graphic results of the slider analysis can be observed in figure 5.21
Table 5.6: Reaction forces of the rail-guides
Axis Reaction forces (N) Reacion moments(Nm)
Fixed Suport 1
X 3596,4 0
Y 334,79 30
Z 63,472 -130
Fixed Suport 2
X 0 0
Y 0 0
Z 0 0
Fixed Suport 3
X -2464 1,3
Y -372,78 22,91
Z 89,771 302,71
Modelling of slider
The loading has been applied to the pillar in a similar manner as in the outside configu-
ration but using insider walls instead. Supports have been applied as in the outside slider
case. For more details refer to figure 5.22.
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(a) Von misses stress (b) Safety factor
(c) Top face equivalent stress
Figure 5.21: fig:Inside Slider Graphic results
Table 5.7: Reaction forces at the flat cage bearings
Contact points Reactions(N)
1 127
2 0
3 -25
4 1455,8
Results of the pillar
With the analysis runned, the conclusions are the following:
1. The pillar holds this loading situation without problems
2. The most compromised zone is the fixed support
3. The contact region between stages shows not to among the most demanded areas
In figure 5.23 this conclusions can be corroborated. Figures 5.23b and 5.23c are placed
here to observe that in the contact points between the two stages there are no compro-
mised situations.
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(a) Pillar loading top view (b) Pillar loading lateral view
Figure 5.22: Pillar loading situation
(a) Pillar supports stress (b) Pillar higher face stress
(c) Lower face stress
(d) Global pillar von Misses stress
Figure 5.23: Graphic results of the pillar analysis
5.3.4 Conclusion
Once observed the results, it can be concluded that non of the situations represent a threat
to the pillar structure. It has been found out that the inside slider must be redesigned,
since with the current material and shape would not withstand the loading situation. This
is however no big deal, the slider designs were not any close to being final.
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Now a decision must be taken on which sliding situation is going to be used. While the
stress encountered in the outside sliding where inferior, it does seem more advantageous
to use the inside sliding case for several reasons. The first one is that it is secure enough,
even if the outside case is even more safe. It is not a matter of which one is safer, but to
be sure that they will both be.
The second reason is due to practical aspects. If there is enough space inside of
the pillar it makes sense to have the slider inside and avoid future problems of space or
exterior design. On top of that, with this measure some undesired interaction with the
base is avoided.
5.4 Slider
At this point, most of the concepts are already decided, so now it is time to engineer them.
Some, belts and pulleys, actuator... have already been chosen. Now the part which will
be taken care of is non other than the slider.
First thing to be decided is the sliding manner. As mentioned during this point, using
more than one guide rail could lead to blocking problems if the slider is slightly tilted or
accidentally misaligned. Using only one guiding rail and needle or other kinds of flat cage
roller for the rest of the faces and contacts could also work. Even only these rollers and
no guiding rail at all is theoretically a good solution.
Using rails involves fixing bolts or screws at the walls of the pillar, which might lead
to some issues with the sliding between columns. Lets see however if a rail-guide would
withstand the loading received. To do that the online catalog of SKF has been used. See
[20]. Table 5.9 shows a summary of all the rail-guides that could be applied in our pillar.
Only the considered relevant measurements have been included in the mentioned table.
See figure 5.24. It must be compared with table 5.8 to see if it could be done. These loads
are the ones extracted from the finite elements analysis conducted earlier in 6.3 and refer
to the reaction forces of the slider.
Table 5.8: Loads to be held by the rail-guide
Outside sliding case Inside Sliding case
Maximum expected moment 220 Nm 302 Nm
Axis Mz Mz
Details Fixed suport 1 Fixed suport 3
2nd biggest moment 88 Nm 130 Nm
Seeing the numbers, it seems that some of the rail-guiding systems could hold that
much torque and load, although the dimensions would get a little bit bigger.
It is good to know that such a mechanism is theoretically resistant enough, but if com-
plications can be avoided better and the preferred option is to use solely rollers of some
kind. The two ideas that flourish are flat cage rollers and wheels.
The rollers are viable, but they are not thought to be used in the way it is wanted.
The thought application is to put them between two moving surfaces, namely taking the
needle rollers cage as a reference, both surfaces, the upper and lower, in our case the
slider and the pillar would be moving in opposite directions and one twice as fast as the
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Table 5.9: Summary of suitable rail-guides. Information extracted from [20]
Slide
name
W
(mm)
W1
(mm)
L
(mm)
H
(mm)
C(N)
dy-
namic
Mx
(Nm)
dy-
namic
My/Mz
(Nm)
dy-
namic
C
(N)
Mx
(Nm)
My/Mz
(Nm)
LLTHC
SA
25 70 66,2 36 5800 139 73 9000 202 106
LLTHC
A
20 63 73,3 30 12400 112 90 24550 221 179
25 70 84,4 36 18800 194 155 30700 316 254
LLTHC
LA
20 63 89,5 30 15200 137 150 32700 316 254
25 70 106,54 36 24400 252 287 44600 460 525
LLTHC
U
20 44 73,3 30 12400 112 90 24550 221 179
25 48 84,4 36 18800 194 155 30700 316 254
LLTHC
LU
25 48 106,5 36 24400 252 287 44600 460 525
LLTHC
LR
20 44 89,5 30 15200 137 150 37000 295 322
25 48 106,5 40 24400 252 287 44600 460 525
(a) Dimensions of the profiles
(b) Axis of the profiles
Figure 5.24: Distances and axes detailed in tables 5.8 and 5.9. See [20]
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other. If needle rollers where chosen, it would be robust, small and long lasting. Main
inconveniences are the noise, the maintenance and the little knowledge about the inside
surface, which would need to be very flat.
About doing it with wheels would reduce the noise, and maintenance issues, and it is
more adaptable to less perfect surfaces specially if a compliance mechanism is used. It
is unclear however, how much space will it take and how resistant would it be. To cover
all fronts at least 12 wheels would be necessary, or a special designed wheels that could
take loading in two directions. It is also uncertain if they would be able to hold such a load.
To make a final decision, both styles will be designed and then one of them discarded.
5.4.1 Flat cage roller slider
As said earlier, flat cage rollers is convenient in terms of space and robustness. With
only a diameter of 10 mm and during motion needle rollers for instance can take loads
above 8000 N, that is if the application is the one they are designed for. There are several
possibilities for this kind of rollers, ball bearings, needle bearings, even conic if needed.
About the position and shape there are also several ways, like one or multi-row, two rows
angled... for more details see [15].
The problem is that the most interesting rollers because of space and resistance qual-
ities are designed to offer reciprocating motion of reduced friction because it is inserted
between to planes and the roller makes contact with both surfaces. There are also flat
bearings which can provide ’infinite’ motion, but their dimensions get bigger. This seems
troublesome, but if a steel cage is chosen, and put a couple of millimetres away from the
slider wall, the needles or ball bearings will be able to roll freely. However it is not certain
if even a steel cage could resist that kind of stress, so this has been proven with a fast FEA
conducted with the Simulation environment of solidworks and the results were satisfying.
That solved, the type of rollers must be chosen. The preferred ones are needle rollers.
The reasons are that they can take higher loads and given that the application only re-
quires motion in one direction there is no need to use a more versatile roller like a ball
bearing.
The decision is finally to use 90 degree angled flat cage needle rollers and mount them
slightly separated from the walls of the slider, this will be achieved by carving a cavity at
the wall where the needle rollers will be. They will be mounted at the corners. At the
beginning it was thought that a combination could be used between needle rollers and rail
guides, so some designs were done embodying this idea. It was though discarded in benefit
of a flat cage needle roller-only design, because with only the bearings the positioning is
already perfectly covered. For details on the design of the needle slider designed to work
with a rail see figure 5.26.
In figure 5.26d it can be observed the lateral side opposite to the rail, which has been
cut. This is for the only reason to save weight. Now, the slider weights 3,42 kg if made
of aluminium. The height of the slider has been chosen imitating the overlap between
columns or stages in the pillar. The mentioned overlap is even bigger, but with 12 cm
height the slider is resistant enough. In figure 5.26a the needle rollers are already screwed
to the slider, to get a back view of that see figure 5.26e. In figures 5.26b and 5.26c the
slider is already inside the pillar with all the components. The pillar walls are shown as a
translucent body.
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In figure 5.25 there are the same designs but without the rail feature.
(a) Needle slider top
view
(b) Lateral view
(c) Cut side
Figure 5.25: No rail slider
(a) Needle slider assembly (b) Needle slider inside the column
(c) Top viem of the needle slider
inside the column (d) Needle slider cut side view
(e) Needle slider assembly rail
side view
Figure 5.26: Needle slider with rail figures
It is agreed to do a quick finite element study of this particular slider in order to ensure
its viability and be able to compare it with the other concept.
Structural analysis of Needle slider
As in other sections, the geometry has been slightly simplified to get accurate results with
the minimal number of nodes possible because of the license node limitation.
The applied loads are the ones of table 5.3. To see the loading and boundary condition
see figure. There are also shown the equivalent stress results and the mesh quality.
It is important to prove that the slider itself will hold the loads without any kind of
problem, however what is more interesting is to see what are the reaction forces. They
are printed in table 5.10.
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(a) Boundary conditions (b) Mesh
(c) Mesh statistics
(d) Von Misses stress
Figure 5.27: Boundary conditions, mesh and results
Table 5.10: Reaction forces at the contact regions of figure 5.28
Contact Force
1 4391
2 4255
3 736
4 1530
5 4446
6 727
7 4183
8 173,6
Figure 5.28: Contact regions
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It is observed that this reaction forces are very big, it must be proven if the needle flat
cage can resist them. To prove that, again the finite element resource will be the chosen
method.
The flat cage rollers alone are taken apart to be analysed. The loads applied are the
two biggest ones found in table 5.10. See figure 5.29c. In the same figure it can be seen
that the exterior contour, where it is screwed to the slider, has been defined as a fixed
support. The mesh quality is very good, as demonstrated by the Orthogonal metrics 5.29a
and 5.29b. As for the results it is seen that the piece can resist such a load. However the
safety factor is not very big 5.30a. To enlarge this safety factor, some contact points could
be added at the most compromised area. The displacements observed 5.30b are very small
and do not require further consideration since they do not endanger the mechanism.
(a) Mesh
(b) Mesh quality
(c) Boundary conditions
Figure 5.29: Analysis Setup
(a) Safety factor (b) Deformation (c) Von Misses Stress
Figure 5.30: Analysis Results
5.4.2 Wheel slider
In this section the wheel slider will be designed, the main objective is to clarify if there
will be sufficient space for this concept and if it will be resistant enough. First thing is to
find a suitable wheel which is capable to hold the expected loads. The company Blickle
offers guide rollers exactly from the desired type, so the following choice is made:
• Series: FTH
• Diam: 30
• Width:14
• Bearing diam:5
• Load capacity: 40kg
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The CAD file is downloaded from the website see [7]. See figure 5.31.
Figure 5.31: FHT D30 W14 wheel from Blickle
This wheel has been chosen because although there are loads going over 1000 N, as
seen in table 5.4, those reaction zones where concentrated in small areas. Now with a 12
cm slider, as in the flat cage roller case, it is intended to install at least 6 wheels in pairs
at different height to better take moments and the loads caused by them.
See figure 5.32 to understand better the wheel position. There are several cut walls,
their propose is to save some weight. All in all, the whole slider (not counting wheels and
shafts which hold them) weights 1,72 kg, with aluminium as material. The difference of
weight with the last concept is also due to the fact that the part in contact with the bar
is not part of the same body in this design, it is another piece. This other piece however
is only 462 grams, so adding up is still around 2,19 kg
(a) Back view (b) Front view
(c) General view
(d) Top view inside pillar
(e) Assembly without pillar (f) Lateral view
Figure 5.32: Wheel slider figures
With these designs it is proven that those wheels fit inside the pillar, all 12 of them.
Now the concern is stability. The first thing is what would happen if one of the wheels
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finds an obstacle or irregularity at the wall. If the system is completely rigid, the force
to overcome the problem is the force the wheel needs to deform or the shaft that holds
the wheel applying the beam deformation equations. This is probably a force too high to
generate, and even if it is possible, it is undesired. Decision is made to design a compliant
mechanism for the wheels for this kind of situation.
Structural analysis of the Wheel-slider
It is now considered important to calculate the resistance of such device, so as usual, it is
decided to run a FEA of the design, with the already described loading situation 5.3.
Since the procedure to analyse this piece does not differ from the one used so far, only
small hints and the results and conclusion will be explained. As always, due to Ansys
version license limits, the geometry has been simplified.
For details about the mesh and loading situation see figure 5.33a.
(a) Loading situation of the
slider
(b) Bar holder Stress results (c) Slider stress results
(d) Bar holder mesh (e) Slider mesh
(f) Slider numbered contact
points
Figure 5.33: Configuration and results of Analysis
The mesh statistics were good in both cases, so if the loading situation is correctly
applied, the results should be similar to the reality. In table 5.11 the encountered reaction
forces on each part (wheel) of the slider are displayed. The reactions found were at first
sight bigger than expected, so different approaches have been tried, for instance applying
first only forces and then moments and in te end add everything up, or change the nature
of the boundary conditions. Never-the-less the results remained the same, convincing that
they are well simulated. After all, in the earlier analysis of the inside slider,70 and 69,there
are forces higher than 1000 N which combined with the moments taken by the guide-rails
can perfectly turn out in the reactions obtained here.
These enormous loads are caused by the torsional moment in great part. However even
when calculating without these moments some of the wheels take loads greater than 300
N, so it is a fact that new wheels must be chosen or at least adding more of them.
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Table 5.11: Reaction forces at points described in 5.33f
Position Force Reaction (N)
1 0
2.a 450
2.b 171
3 4500
4 0
5.a 625
5.b 0
6 3100
Following this line of action, it seems that to compensate better this torsional moment,
four more wheels (two up and two down) could be added at a point between 1 and 2 and
4 and 5. It is believed that such a measure would greatly reduce the reactions in 3 and 6.
However it is also necessary to add another wheel in the mid plane of those corner wheels.
To make it symmetric it is not problematic to do the same for the other two corners. If
there is enough space it would also be convenient to choose them thicker, so that the can
take higher loads.
It is then analysed the slider with a new wheel configuration, which is expected to
reduce the loads taken by the corner wheels. The configuration looks as in picture 5.34a.
The boundary conditions are the same as in the last analysis 5.34c but adding more
compression only boundaries for the new wheels.
(a) General View (b) Mesh (c) Boundary conditions
Figure 5.34: Analysis setup
Although not relevant in this case, the stress and safety factor results are detailed in
figure 5.35
What is really relevant here are the resultant forces which are detailed in table 5.12.
It can be seen that as expected the reaction forces on the corner points have been dras-
(a) Safety factor (b) Von Misses Stress
Figure 5.35: Von Misses Stress
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tically reduced, while in the lateral wheels it has increased. This is a great improvement,
but on those corner wheels, the force is still too big. Another wheel must be chosen, or
three wheels placed or a combination of both.
Table 5.12: Reaction forces in contact points. See figure 5.33f
Contact Reaction (N)
1 1078
2a 389
2b 403
3 0
4 1233
5a 290
5b 402
6 0
Seeing that there is still some extra space left, it is decided to use some slightly wider
and bigger wheels, and at the same time using three on each corner. This way two types
of wheels will be used:
• Sides wheel: Reference number FTH 30x11/97K, from Blickle (small) 30mm di-
ameter. See figure A.5 in appendix A.3
• Corner wheels: Reference number FSTH 40x15/108K, from Blickle (big) 40mm
diameter. See figure A.4 in appendix A.3
On sight of this, the slider is partially redesigned. The slots will keep the same dimen-
sion, but they must be moved in order to assure the correct contact with the walls. In
figure 5.36, several pictures of the final design for the wheel slider can be found. In that
figure the small wheels are yellow.
(a) Isometric view
(b) Top view
(c) Back isometric view
(d) Back view (e) Front view
Figure 5.36: Pictures of the wheel slider
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Compliant mechanism
To avoid the blocking of the slider when some imperfection or obstacle at the inside wall
of the pillar is encountered, it is decided to design a compliant mechanism which would
allow to overcome it, but still provide the necessary strength for the correct functionality
of the slider.
Then what is here intended is that with a 20 N load the wheel would go back 2 mm
but it would still resist the worst casing load without breaking or even being permanently
deformed. That might be achieved if the wheel is rolling around a shaft of certain area
and length. Then the situation of the shaft would be the one in figure 5.37. The equation
for the displacement of the shaft is written in 5.2. Using the E = 225MPa of steel and
the inertia of a circular section.
Figure 5.37: Schematic drawing of the situation. Extracted from [3]
ymax =
−FL3
3EI
(5.2)
To calculate if it will resist the worst case must be found. In a case like this, it is easy
to see that it will be on the fixed end, where the moment is the biggest and the shear force
as well, since it is constant. For this section the bending moment equation is 5.3 and the
shear stress is 5.4. It can be seen that when the maximum bending moment occurs, shear
stress is 0 and vice-versa. For this reason the Von Misses equivalent stress will be used.
σx =
Mz
Iz
y =
F × L
Iz
y (5.3)
τ =
4Ty
3A
(1− y
2
R2
) (5.4)
After doing some calculations it appears that fixing a 2 mm y, with a 5 mm diameter
shaft, the necessary length is of only 12 mm. However this section will not allow the shaft
to take the worst casing loading. For this reason it is decided to do a section variable
shaft. The idea is to make a weaker section near the fixed end and then thicken the rest
while putting a top to control the maximum displacement. This topping action would
be done by a slot of 1 or 2 mm 5.38b. So the shaft will have the following measures: 10
mm of 10 mm diameter. This first part will be the one fixed. Then 19 mm where the
section changes, first 9,5 mm where the it will be reduced from 10 to 5 mm and then a
part where it will grow again to 10 mm. Then 29 mm more of shaft at constant diameter.
See figure 5.38a. For more details, tables and graphics about the compliance calculations
see appendix B.2.
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(a) Compliance Shaft
(b) Slots for the safts
Figure 5.38: Design details
This option is sadly not possible for the side wheels, because of the required space.
The solution must then a classical suspension system with springs. Based on the wanted
movement for a certain force, the K of the spring is decided. Since it was desired that with
a 20N force it would move 2 mm and taking into account that there will be two springs
put in parallel for each wheel and Keq = K1 +K2 = 2K1 = 2K2, the desired K1 is around
7,5 N/mm. Then the following spring from Lee Spring is selected: LC 024A 08 M. For
more details see annex. To see the final detailed view of the side wheel compliance, see
figure 5.39.
Figure 5.39: Inside wheel compliance detail
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5.4.3 Slider decision
Analysing the advantages and disadvantages of the wheel and needle slider it is chosen to
proceed with the design of the wheel slider. It has been seen that the inherent advantages
of the wheel slider, compliant mechanism, lightness, flexibility and low noise level clearly
overcome the difficulties of its mounting stage. About the maintenance, it will be hardly
necessary given the speed of operation.
The needle roller is more compact, but also heavy and inflexible. The biggest point
against is the fact that the surface where it slides must be in prefect, flat conditions. It
is however recommended during testing to acquire as well a prototype of the needle slider
(since it is already designed), to compare the necessary force to move them both. A life
test to see how many cycles can the compliant mechanism of the wheel slider endure, is
also a needed test.
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Conclusion
6.1 Summary
At the start point of this work an intensive research was necessary. First to assure the
comfortability of the patient as well as all the necessary parameters to make the safety
calculations and limit the patient range, and in a second approach to learn and highlight
which guidelines and limitations that apply to Elevon and its functions according to the
norms.
The research phase also comprehends the state of the art investigation, which led to
a greater understanding of the limitations from the nowadays used mechanisms, as well
as for the ones in development. What was learned is that many of the existing devices
have little automation or serious space-range limitations, while the projects in develop-
ment cover those issues but the estimated prices escalate rapidly. The patents of devices
with similarities to Elevon have also been researched, leading to the conclusion that only
Robohelper Sasuke could evolve into a competitor.
Several motion concepts have been developed, studied and compared, being the final
decision a rotating arm with translational movement along it. It was chosen after proving
the resistance theoretically and via FEA to use a telescopic pillar for the arms concept
with a slider inside. After that the efforts have been focused on the design and resistance
of that structure and the selecting of all the necessary components.
The main objective of this thesis has been accomplished. Develop the mechanical
design to the point of being ready to order the components of several systems for an ad-
vanced prototype of a patient lifting robotic device. The base concept has been developed
in parallel as well as the linking mechanism, but sadly the time was not enough to develop
the wheel-driving system and its controllers. Another disappointment is the inability to
obtain more information about the pillar, specially for the inside surface. It is still unclear
as well where are the batteries going to be placed. All in all, the project is advancing in
the good direction, but there is still a lot of work to be done. A prototype can be built in
the next months, depending on the piece delivery schedule, with at least three of the four
important subsystems complete, and testing can be started.
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6.2 Prospects
As for the next steps, it is recommended to built the prototype as soon as possible and
proceed to do the testing situations for the base and wheel system described in 2.5, simu-
lating the weight of the rest of the robot as well as the required loadings according to the
mentioned norm.
For the pillars, after considering if the inside surface needs polishing, there should
be three different testing methods. First of all with the pillar in a straight position, the
worst case loading situation, except the load in the pillar direction, should be tested with
the pillar completely extended, to proof if the FEM was reliable enough. After that, the
actuator with the belts and the motion mechanism described in 4.6 simulating the worst
case load only in the actuator shaft direction. The last test would be to test the worst case
loading in the entire prototype. If the first two tests where successful, it is highly unlikely
to fail in the last test, but it will indeed help to identify problems in other mechanisms
if any. If problems appear in this testing phase, it will be most likely due to the linkage
system between the base and the pillar, which must distribute the moments to the base
while being able to rotate the pillar 90 degrees.
In case it is impossible to obtain the pillar as it is desired from the vendor [40], it
is recommended to design the pillar from scratch using existing aluminium profiles and
needle sliders between stages.
Another field which must be explored is the hammock. It must be assured that te
patient cannot fall by any side, maybe using solutions like inflating or giving volume to
the margins when the patient is being loaded. A solution to secure patients who cannot
fold their legs must also be found. Those issues were considered by the work group, but
given the area of expertise of the team and the schedule it was postponed.
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Appendix A
Catalogues
A.1 CPI Pillar
Table A.1: Pillar Details
PN (Part No.) CPI10DT27000000000
ON (Order No. for Telescopic Pillar) CPI10DT27000000000
TP (Type) CPI
V (Voltage / V) 24 V DC
LO (Push Load/Pull Load/Speed Load / N) 1000/1000/31
TS (Tube set) 2section
S (Stroke (S) / mm) 700
L (Retracted length (L) / mm) 850
ELO (Electrical options) None
CTO (Cable through option) None
SP (Special) None
AC1 (Accessories 1) w/o Mounting Plate
AC2 (Accessories 1) w/o Motor cable
V
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Telescopic Pillar
Telemag CPI
Last Modification (geometry): 02/08/2013 05:08
Datasheet creation date: 18/06/2015 16:50
© 1992­2015 CADENAS GmbH
Figure A.1: CPI catalogue [40]
Figure A.2: Section measures. Source: CPI catalogue A.1
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A.2 FRE Pillar
Telescopic Pillar - No Motor
FRE Guiding Tube Sets
Last Modification (geometry): 09/07/2015 06:08
Datasheet creation date: 27/07/2015 09:28
© 1992-2015 CADENAS GmbH
Figure A.3: FRE Catalogue from [40]
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A.3 Wheel details
Blickle Räder+Rollen GmbH u. Co. KG
Heinrich-Blickle-Straße 1 ∙ 72348 Rosenfeld ∙ Germany
Telefon: +49 7428 932-0 ∙ Telefax: +49 7428 932-209
E-Mail: info@blickle.com ∙ Internet: www.blickle.com
© Blickle Räder+Rollen GmbH u. Co. KG 2014
Rosenfeld ∙ Germany
Produktdatenblatt
FSTH 40x15/10­8K
Führungsrolle mit Polyurethan­Laufbelag Blickle
Extrathane®, mit Stahl­Radkörper
EAN: 4047526463922
ID: 463927
Reifen / Laufbelag: Aus hochwertigem,
reaktionsgegossenem Polyurethan-Elastomer Blickle
Extrathane®, geräuscharmer Lauf, geringer Rollwiderstand,
bodenschonend, sehr abriebfest, hohe Schnitt- und
Weiterreißfestigkeit, sehr gute chemische Verbindung mit
dem Radkörper.Laufflächen-Farbe:hellbraun
Felge / Radkörper: Aus Stahl. Laufbelag aufgegossen.
Technische Daten
Rad-Ø (D)
Radbreite (T2)
Tragfähigkeit
Kugellager
Achsloch-Ø (d)
Einspannlänge (T5)
Stückgewicht
Temperaturbeständigkeit von
Temperaturbeständigkeit bis
Belagshärte
Lagerart
40 mm
15 mm
55 kg
6000 2RS
10 mm
8 mm
0.061 kg
-25 °C
70 °C
92° Shore A
Kugellager
Rollwiderstand
Fahrgeräusch
Bodenschonung
Figure A.4: Corner wheels details [7]
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Blickle Räder+Rollen GmbH u. Co. KG
Heinrich-Blickle-Straße 1 ∙ 72348 Rosenfeld ∙ Germany
Telefon: +49 7428 932-0 ∙ Telefax: +49 7428 932-209
E-Mail: info@blickle.com ∙ Internet: www.blickle.com
© Blickle Räder+Rollen GmbH u. Co. KG 2014
Rosenfeld ∙ Germany
Produktdatenblatt
FTH 30x11/9­7K
Führungsrolle mit Polyurethan­Laufbelag Blickle
Extrathane®
EAN: 4047526463724
ID: 463729
Reifen / Laufbelag: Aus hochwertigem,
reaktionsgegossenem Polyurethan-Elastomer Blickle
Extrathane®, geräuscharmer Lauf, geringer Rollwiderstand,
bodenschonend, sehr abriebfest, hohe Schnitt- und
Weiterreißfestigkeit, Laufbelag direkt auf das Kugellager
aufgegossen, sehr gute chemische Verbindung.Laufflächen-
Farbe:hellbraun
Felge / Radkörper: -
Technische Daten
Rad-Ø (D)
Radbreite (T2)
Tragfähigkeit
Kugellager
Achsloch-Ø (d)
Einspannlänge (T5)
Stückgewicht
Temperaturbeständigkeit von
Temperaturbeständigkeit bis
Belagshärte
Lagerart
30 mm
11 mm
30 kg
609 2RS
9 mm
7 mm
0.018 kg
-25 °C
70 °C
92° Shore A
Kugellager
Rollwiderstand
Fahrgeräusch
Bodenschonung
Figure A.5: Side wheels details [7]
Chapter A Serni Solans Sala IX
Appendix B
Calculations
B.1 Belt and pulley
Table B.1: Choosing Criteria for Belt-Pulley
Attribute Value
Speed Ratio 1
Pitch Diameter of Large Pulley (mm) 47,7
Pitch Diameter of Small Pulley (mm) 47,7
Desired Belt Pitch Length (mm) 1450
Next available belt pitch length (mm) 1500
Next available number of Teeth-Belt 300
Center distance 675
Table B.2: Chosen Belt
Attribute Value
Product Number 10AT5/1500
Teeth 300
Tooth style AT5mm pitch
Pitch Length 1500
Belt Width 10
Weight 0,11
Construction Plyrethane
Reinforcement Steel
List price 30,2$
Unit system Inch
Part Number Cross Reference AT5-1500-10
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Figure B.1: Chosen Pulley details
Figure B.2: Belt resistance table given the width and characteristics [12]
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To calculate Minimum Total Ultimate Strength values for belt widths less than 1”
wide:
• 1/2” - 1”: Proportion directly
• 1/4” - 1/2”: Proportion directly and reduce by 10%
• Below 1/4”: Proportion directly and reduce by 18%
B.2 Compliance section
Table B.3: Parameters used in the flexure equation
Parameter Value
A (mm2) 78,5398163
D (mm) 10
F (N) 30
L (mm) 27,84
E (MPa) 220
I (mm4) 490,873852
Table B.4: Results of varying the section height (h)
h(mm) Bending Moment (MPa) shear stress (MPa) Von misses (MPa)
0 0 0,50929582 0,88212623
0,35714286 0,6078562 0,50669737 1,06757474
0,71428571 1,2157124 0,49890203 1,49153154
1,07142857 1,8235686 0,48590979 2,00841415
1,42857143 2,43142479 0,46772065 2,56283327
1,78571429 3,03928099 0,44433462 3,13520792
2,14285714 3,64713719 0,41575169 3,71754732
2,5 4,25499339 0,38197186 4,30612079
2,85714286 4,86284959 0,34299514 4,8990043
3,21428571 5,47070579 0,29882153 5,49513464
3,57142857 6,07856199 0,24945101 6,09389803
3,92857143 6,68641818 0,1948836 6,69493293
4,28571429 7,29427438 0,1351193 7,29802785
4,64285714 7,90213058 0,0701581 7,90306486
5 8,50998678 1,6963E-16 8,50998678
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Figure B.3: Graphic obtained from table B.4
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Appendix C
Body parameters investigation
C.1 weight Statistics
BMI of Nations separated crescent range: figures C.1 to C.4.
Figure C.1: BMI 20-22.9 [31]
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Figure C.2: BMI 23-24.9 [31]
Figure C.3: BMI 25-26.9 [31]
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Figure C.4: BMI over 27 [31]
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